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ABSTRACT 
 
The conversion efficiency of absorbed radiation into biomass (εc) is a component of yield 
potential. Unlike other efficiency components of yield potential, εc in C3 and C4 plant groups is 
estimated to be much lower than the theoretical maxima, signifying that εc limits yield potential 
but has room for improvement. This makes it the ideal candidate to increase yields to meet the 
food and fuel demand of the world population. Understanding the causes of variability in εc are 
important when considering new approaches to improving εc. Therefore, the first part of this 
research focused on using past literature to quantify environmental and managerial effects on εc 
and assess the variability in εc between and within major food and biofuel crops. The second part 
of this research tested the hypothesis that reduced chlorophyll content would increase εc at both 
the canopy and leaf level using field and microscopy techniques. 
In chapter one, a meta-analysis was used to statistically quantify the effects of greenhouse 
gases, weather-related stresses projected to intensify due to climate change, and management 
practices on εc from 140 published studies. Significant increases in εc were caused by elevated 
[CO2], shade, and intercropping, whereas εc was reduced by elevated [O3], water stress, 
temperature stress, and foliar damage. εc curvilinearly increased with nitrogen and phosphorus 
applications. These findings suggest that extensive variability is present in εc with external 
factors, and improved management, breeding for greater stress tolerance, and selecting for 
enhanced responses to positively contributing factors will increase εc and therefore yields and 
yield potential.  
In chapter two, past literature was analyzed to determine current statuses and trends in εc 
across unstressed food and biofuel crops. Data was mined from 153 studies that measured εc in 
six important food crops (maize, sorghum, rice, wheat, barley, peanut, soybean, chickpea, 
pigeonpea) that spanned major functional groups and several energy crop species. Determination 
of εc in all crop and sub-crop groups demonstrated that in general, εc was greatest in C4 energy 
crops, followed by C4 food crops, then C3 non-legumes, and finally C3 legumes. Changes in food 
crop εc over the past few decades were mostly attributed to environmental variability with 
temperature and solar radiation as the most influential factors. Past improvements in εc due to 
breeding were very low and suggest that additional breeding for increasing εc is needed, 
especially as crops are faced with enhanced environmental shifts due to climate change. 
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The impacts of reduced chlorophyll (chl) content on leaf and canopy photosynthetic 
efficiency in soybean were studied across two field seasons in chapter three. Reducing leaf chl 
content was hypothesized to improve canopy light distribution compared to the wildtype (WT) 
by creating a more even balance of light availability between leaf layers. Gas exchange 
measurements at the leaf level demonstrated greater light use efficiency in chl-deficient mutants 
when chl content was approximately 30% of the WT. Leaves absorbed less light while 
demonstrating a similar or greater level of photosynthetic performance, which may have been 
caused by a more even light distribution within the leaf. Despite similar or greater leaf level 
efficiency in the chl-deficient mutants, canopy level measures of εc and yield were generally 
lower and suggest that pleiotropic effects of the mutations causing chl-deficiency, such as 
reduced water use efficiency, were limiting to canopy processes. 
  Based on the greater leaf level photosynthesis and photosynthetic efficiency apparent in 
chl-deficient soybean field studies, chapter four examined the light environment within leaves of 
WT and chl-deficient soybean using a novel technique. Light sheet microscopy effectively 
measured chl fluorescence profiles within leaves to estimate relative absorption profiles. The chl-
deficient mutant had a more gradual gradient in light availability in the leaf as predicted with the 
greatest differences occurring with blue light illumination from the adaxial surface. Predicted 
photosynthetic profiles based on chl and light profiles demonstrated a more even distribution of 
photosynthesis among leaf layers as compared to the WT. However, chl content reductions were 
greater in chamber-grown plants compared to field-grown plants and led to decreased 
photosynthetic efficiency at the leaf level, suggesting that chl content was below the threshold 
for normal photosynthetic capacity. 
Overall, the research from this dissertation illustrates that εc is highly variable with the 
greatest proportion of variability in important food and biofuel crops due to the environment and 
management practices. However, high variability and a large capacity for improvement indicate 
that εc is a prime target to increase yields. While reducing chl content shows promise for 
improving εc in dense crop canopies such as soybean, a more fine-tuned approach of lowering 
chl to an optimal concentration while avoiding pleiotropic effects is needed so that the benefits 
on leaf level processes are translated to canopy productivity and ultimately yields. 
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CHAPTER 1 
Introduction 
Energy conversion efficiency 
As the world’s human population grows in number and economic status, yields must double by 
2050 without expanding agricultural land area to minimize environmental consequences (Tilman 
et al., 2011). The maximum possible yield for a crop over a growing season in the absence of 
biotic or abiotic stress is termed the yield potential (Yp; Evans and Fischer, 1999). However, 
maximum yields are rarely attained, leading to a yield gap (Lobell et al., 2009). Most often a 
yield gap is caused by less than optimal achieved yields in the field as compared to the Yp, but 
yield gap is less detrimental when it is driven by an increase in the yield ceiling (i.e., yield 
potential). Yield increase stagnation can occur when increases are primarily reliant on reducing 
yield gap and yield gaps become smaller and smaller (Lobell et al., 2009). Therefore, in the long 
term increasing yield potential is necessary for maintaining an optimal yield gap that promotes 
and maintains yield improvements. 
Monteith (1977) described an equation for yield potential, which has since been modified 
by Zhu et al. (2010) where Yp = 0.487*St*εi*εc*εp. St represents the amount of solar radiation 
available to a plant canopy over a designated growing season, but only a portion of that (0.487) 
is light that can be used for photosynthesis, or photosynthetically active radiation (PAR). The last 
three terms represent the efficiency of light interception (εi), the efficiency of converting 
intercepted light into biomass (εc), and the efficiency of partitioning biomass into harvestable 
yield (εp) by the crop. St for a given crop and the fraction that is PAR is largely predetermined by 
location and elevation (Monteith, 1965, 1972). Breeding during the Green Revolution improved 
εi and εp to an extent that there is little room for further improvement in either of these factors 
(Evans, 1993; Hay, 1995; Sinclair, 1998). However, εc has been estimated at less than half the 
theoretical maximum for C3 (0.094) and C4 (0.123) plants (Zhu et al., 2008, 2010) and therefore 
improving εc has become a target for yield improvement. 
While there is an abundance of literature on the εc in various crops and environments, 
assessing and compiling the data can be difficult. Measurements and units of εc are inconsistently 
used and reported, which complicates making direct comparisons across studies. For example, 
biomass measurements often include only aboveground dry matter, but some studies also include 
a portion or all of the belowground biomass. Radiation measurements may include all of solar 
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radiation or just the energy that can be used by plants (PAR). Whether or not the radiation units 
are reported as intercepted or absorbed depends upon measuring canopy reflectance or using a 
correction factor. εc is sometimes reported as the ratio of biomass per radiation interception at 
some point during the season. However, reporting εc as the slope of a regression of light energy 
absorbed versus biomass accumulated across the growing season often provides greater accuracy 
and resolution (Monteith, 1994; Sinclair and Muchow, 1999), but including data from end of 
season harvests can skew εc as plants senesce due to absorption that occurs after growth has 
stopped (Sinclair and Muchow, 1999). Although commonly reported in terms of the quantity of 
dry biomass divided by the amount of radiation absorbed, εc is more accurately described as a 
percentage so that energy content of different species or parts within plants are taken into 
account. This is especially important when considering that seed energy content is much higher 
in some crops, such as oilseed crops, compared to others (Sinclair and Muchow, 1999). When 
making comparisons within studies, measurement techniques are often the same and will most 
likely not affect relative differences. However, when making quantitative assessments of crops or 
treatment effects across studies, εc must be standardized to take into account each of the above 
inconsistencies and ensure equal comparisons. 
Qualitative effects of environmental factors on εc have been described using past 
literature (Sinclair and Muchow, 1999), but quantitative measurements of variation in εc have not 
been determined. Additionally, the relative contribution of separate factors to εc variation over 
time within crops is also lacking. With impending changes in weather patterns due to climate 
change, it is important to know how predicted conditions will affect εc. Atmospheric CO2 
concentrations are predicted to reach 550 ppm by the end of the century and tropospheric ozone 
is predicted to increase by 25% in the next few decades (Meehl et al., 2007). These are two of the 
major driving forces behind a predicted 2-6 degree C increase in global terrestrial temperatures 
by the end of the century (Meehl et al., 2007). At the same time, drought and flooding events are 
predicted to intensify and occur more frequently (Meehl et al., 2007; Dai, 2011). A similar gap in 
knowledge exists respective to the effects of crop management on εc. It has been determined that 
adding nutrients, deterring pests and pathogens, reducing light stress, and intercropping can alter 
εc (Sinclair and Muchow, 1999), but the effects have not been statistically quantified. Moreover, 
the fact that εc varies with so many factors also makes it difficult to accurately assess εc in 
relatively non-stressed crops from single study estimates. Therefore, using the vast body of 
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growing literature on εc is necessary to make these types of evaluations to better understand 
current and future trends in εc once the reported values have been standardized to common units. 
The literature presents a variety of methods by which εc can be improved (see review by 
Zhu et al., 2010). One possibility is to decrease chlorophyll content via truncated accessory light 
harvesting antennae in species with canopies that reach high leaf area indices (LAI). Light 
harvesting complexes (LHC) contain chlorophyll molecules that absorb incident photons in the 
visible light spectrum and funnel the resulting excitation energy to photosystems I (PSI) and II 
(PSII). LHCs associated with PSII (LHCII) contain a greater proportion of chlorophyll b 
molecules than LHCs associated with PSI (LHCI), and as a result many chlorophyll-b deficient 
plants exhibit truncated LHC with a greater decrease in LHCII compared to LHCI. In a mixed 
stand, increased chlorophyll content and light harvesting ability gives a competitive advantage 
by increasing light absorption, thereby decreasing available light for surrounding plants even if 
all of the absorbed light cannot be utilized (Donald, 1968). In an agricultural monoculture, 
however, this may be a disadvantage in terms of whole canopy εc since sharing available light 
with neighboring plants that have the same genetic makeup will decrease the amount of energy 
wasted by leaves that are already light saturated (Donald, 1968).  
The drawbacks of high chlorophyll content result from a dramatically uneven distribution 
of light within a dense canopy. With high chlorophyll content, leaves at the top of the canopy 
absorb a disproportionate amount of light compared to leaves lower in the canopy since a 
normally green leaf absorbs approximately 90% of incident PAR. This has several implications: 
a) at times of high incident radiation, leaves in the upper canopy are oversaturated as much as 
four fold thereby decreasing photosynthetic efficiency as well as causing persistent depressions 
in photosynthesis via photoprotection and photoinhibition, and b) leaves lower in the canopy are 
light limited, making them less able to contribute to canopy photosynthesis (Long et al., 2006). 
Therefore, decreased chlorophyll content should promote a more equal light distribution among 
individuals and leaves at different levels of a crop canopy. Support of this concept has been 
shown in green algae truncated light antennae (tla) mutants in which solar energy conversion 
efficiency was increased due to increased light penetration into mass cultures (Polle et al., 2002)  
The negative effects of high chlorophyll content on light distribution within the canopy 
may also extend to light distribution within individual leaves. Chloroplasts within the leaf act 
similarly to leaves within a canopy where those nearest the lit surface absorb excess light and 
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leave little remaining for chloroplasts lower in the leaf. Since chlorophylls a and b strongly 
absorb light in the blue and red wavelengths, chloroplasts closer to the irradiated surface of the 
leaf saturate at lower incident intensities than those lower in the leaf, allowing more 
photosynthesis to be driven by the less preferentially absorbed light from green wavelengths that 
have penetrated deeper into the leaf layers (Terashima et al., 2009). This uneven distribution of 
light has been shown to create a gradient of photosynthesis (Evans, 2003) and photoinhibition 
(Oguchi et al., 2011) with greater levels of each nearer to the irradiated surface that decrease 
with depth into the leaf. However, less chlorophyll could ameliorate these imbalances by 
allowing higher intensities of blue and red light to be transmitted more deeply within the leaf. In 
addition this could increase the path length of light due to greater light scattering at the spongy 
mesophyll air/cell wall interfaces (Vogelmann and Evans, 2002), which was found in a previous 
modeling experiment where there was an inverse correlation between apparent path length and 
chlorophyll concentration in the leaf (McClendon and Fukshansky, 1990).  
As the world’s third most economically important commodity crop (FAO, 2012), 
soybean (Glycine max Merr.) develops a dense canopy with a LAI often greater than six, which 
makes it an ideal crop for testing the effects of reduced chl content on εc. Moreover, positive 
effects of reduced chl have been reported in past studies on two soybean mutants at the canopy 
level. These mutants, Y11y11 and y9y9, demonstrate a decreased ability to assemble LHCII and 
to some extent LHCI in high light (Ghirardi and Melis, 1988). As the size of LHCII and LHCI 
decreased, there was an increase in the ratio of PSII to PSI in chamber grown plants mainly due 
to an increase in beta PSII reaction centers (Ghirardi and Melis, 1988). Pettigrew et al. (1989) 
found that once dense canopies had developed, greater canopy CO2 exchange rates (CER) and 
daily integrals of CER in both Y11y11 and y9y9 compared to the nearly isogenic “Clark” wild 
type. The authors hypothesized that light was able to reach further into the canopy due to lower 
chlorophyll content and therefore decreased absorption in the upper canopy leaves (Pettigrew et 
al., 1989), but these hypotheses were never tested.  
 
Research overview 
The aim of this thesis was to better understand εc and its sources of variation using the available 
literature while testing the effects of reduced chl content on soybean leaf efficiency and canopy 
εc. The objectives of the first portion of the thesis were to use past literature as a means to 
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understand the causes of variation in εc, the extent to which these factors alter εc, the current 
status of εc in various food and fuel crops, and what each of these means for future εc and 
therefore yields in the context of climate change. While qualitative relationships have been 
established among climate and management variables and εc (Sinclair and Muchow, 1999), the 
quantitative extent of those relationships has never been studied. Therefore, the first study meta-
analytically quantified the effects of weather and climate variables and management techniques 
on εc. The results indicated that εc is significantly affected by environmental stresses, most of 
which will lead to decreases in εc as climate change intensifies. This led to the development of 
the next chapter where the status of εc was estimated in relatively unstressed individual food and 
biofuel crops. The variation in food crop εc also was analyzed to determine if environmental 
factors or breeding has had a larger effect on εc over the past few decades. These findings 
indicated that εc was significantly greater in most C4 energy crops, which have canopy 
characteristics that allow greater light penetration to deeper layers. εc was lowest in legumes, 
including soybean, and little in the way of breeding has affected εc in most major food crops. 
Moreover, increases in growing season solar radiation led to lower εc in most crops, indicating 
inefficient use of light by most crop canopies. This point serves as the basis for the following two 
studies in this research. 
 The second portion of this thesis tested a physiological method of improving εc in 
soybean. Reducing chl content was hypothesized to improve εc by creating a more even light 
distribution within the canopy so that leaves in the top of the canopy were not photoinhibited by 
light over-saturation and leaves in the lower canopy were less light limited. Leaf and canopy 
photosynthetic measurements were conducted on dark and light green soybean grown in the field 
during two seasons. Leaf level photosynthetic efficiency was similar or greater in the light green 
mutants compared to the dark green wildtype (WT) despite >50% reductions in chl. However, 
canopy level processes, including εc, were less efficient and resulted in lower overall yields in 
the light green canopies. Lower water use efficiency at the leaf level suggested that the mutation 
causing chl deficiency resulted in pleiotropic effects that made the light green plants more 
susceptible to drought.  
Greater light use efficiency at the leaf level from field measurements prompted the 
analyses conducted in chapter five in which light gradients were measured in dark and light 
green soybean leaves. Using light sheet microscopy to measure light attenuation within leaves, 
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chl fluorescence profiles indicated that preferentially absorbed blue and red wavelengths 
penetrated deeper into the light green leaf as predicted. In addition, predicted photosynthesis 
profiles based on light absorption and chl profiles demonstrated a more even distribution of 
photosynthesis across leaf layers in the light green mutant. However, overall leaf level 
photosynthesis was lower in the mutant, which contained only 20% of the chl content of the WT 
leaf in the chamber grown plants used in this study. These results indicated that lower chl 
ameliorated light distribution within the leaf, but the extent to which chl was reduced surpassed 
the lower threshold of pigment concentration needed to maintain full photosynthetic capacity of 
individual leaves. 
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CHAPTER 2 
A meta-analysis of responses of canopy photosynthetic conversion efficiency to 
environmental factors reveals major causes of yield gap1 
Abstract 
 
Improving plant energy conversion efficiency (εc) is crucial for increasing food and bioenergy 
crop production and yields.  Using a meta-analysis, the effects of greenhouse gases, weather-
related stresses projected to intensify due to climate change, and management practices including 
inputs, shading, and intercropping on εc were statistically quantified from 140 published studies 
to identify where improvements would have the largest impact on closing yield gaps.  Variation 
in the response of εc to treatment type and dosage, plant characteristics, and growth conditions 
were also examined.  Significant mean increases in εc were caused by elevated [CO2] (20%), 
shade (18%), and intercropping (15%).  εc increased curvilinearly up to 55% with nitrogen 
additions whereas phosphorus application was most beneficial at low levels.  Significant 
decreases in εc of -8.4% due to elevated [O3], -16.8% due to water stress, and -6.5% due to foliar 
damage were found.  A non-significant decrease in εc of -17.3% was caused by temperature 
stress. These results identify the need to engineer greater stress tolerance and enhanced responses 
to positive factors such as [CO2] and nitrogen to improve average yields and yield potential.  
Optimizing management strategies will also enhance the benefits possible with intercropping, 
shade, and pest resilience.  To determine optimal practices for εc improvement, further studies 
should be conducted in the field since several responses were exaggerated by non-field 
experimental conditions. 
 
 
 
 
 
________________________ 
1 This chapter appeared in its entirety in the Journal of Experimental Botany. Slattery RA, 
Ainsworth EA, Ort DR (2013) A meta-analysis of responses of canopy photosynthetic 
conversion efficiency to environmental factors reveals major causes of yield gap. Journal of 
Experimental Botany 64: 3723-3733 doi:10.1093/jxb/ert207.   
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Introduction 
Improving crop yields to meet the demands of the expanding population with increasing 
economic capacity is growing increasingly difficult.  The human population is expected to reach 
almost nine billion people by the middle of this century (Cohen, 2003).  The rise in population 
coupled with improving living standards in China and India necessitate that yields double in less 
than 40 years (Tilman et al., 2011), yet rates of yield increase in some major crops have slowed 
in the most recent decades compared to rates of the seventies and eighties (Fischer and 
Edmeades, 2010; Long and Ort, 2010; Ray et al., 2012).  Meeting food and feed demands for the 
middle of the twenty-first century poses a formidable challenge to researchers and growers. 
The Monteith equation (Monteith, 1977 as modified by Zhu et al., 2010)  predicts that  
Y=St*0.487*εi*εc*εp 
where yield potential (Y) is dependent upon the amount of incident solar radiation (S t) received 
over the growing season, the proportion of St that is photosynthetically active radiation (PAR; 
estimated to be 0.487), the radiation interception efficiency of the plant (εi), the conversion 
efficiency of intercepted radiation into biomass (εc), and the partition efficiency of biomass into 
harvestable product (εp). The quantity of St during a growing season for a specific crop is largely 
predetermined by latitude, altitude, and time of year in a particular location, and the percent that 
is PAR varies by location and can fluctuate within a day due to solar elevation and cloudiness 
(Monteith, 1965, 1972).  Since the middle of the twentieth century, εi and εp have been vastly 
improved due to management and breeding practices introduced during the Green Revolution, 
thereby closing the gap between actual and theoretical values (Evans, 1993; Hay, 1995; Sinclair, 
1998). The greatest opportunity for yield potential improvement therefore lies in increasing εc 
(Zhu et al., 2010).  
 Energy conversion efficiency (commonly referred to as “radiation use efficiency” or 
RUE) is defined as the efficiency with which intercepted or absorbed energy is converted into 
biomass and is based on the photochemical efficiency of the entire plant canopy. Theoretical εc 
maxima have been calculated and show greater maximum efficiency in C4 compared to C3 
plants; however, the greatest season long εc values are estimated to reach only one third to one 
half of the theoretical maxima in common crops, making it the best candidate for increasing yield 
potential (Beadle and Long, 1985; Zhu et al., 2010; Amthor, 2010).  Raising yield potential is 
necessary to prevent stagnation in yield increase since the rate of yield increase will fall as 
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average yields approach the existing yield potential.  This widens the yield gap, or the difference 
between average and potential yields (Lobell et al., 2009).  However, the gap also increases, 
albeit detrimentally, when average yields decline or cannot keep pace with the yield potential 
increases of a given area and crop (Lobell et al., 2009).  
Major greenhouse gas concentrations, weather-related conditions associated with climate 
change, and management techniques including inputs, shading, and intercropping influence the 
realized yield potential in plants and perforce are among the most important causes of yield gap.  
Atmospheric CO2 concentrations ([CO2]) are predicted to reach 550 ppm by 2050, and 
background tropospheric ozone concentrations ([O3]) are projected to increase by 25% during the 
next few decades (Meehl et al., 2007). Incidents of drought are predicted to become more 
frequent and extreme along with a 2-6 degree Celsius rise in terrestrial mean surface air 
temperature by the end of this century (Meehl et al., 2007). While elevated [CO2] increases leaf 
photosynthesis of C3 crops (Curtis, 1996; Curtis and Wang, 1998; Medlyn et al., 1999; Wand et 
al., 1999; Ainsworth et al., 2002; Ainsworth and Rogers, 2007; Ainsworth, 2008), negative 
effects on leaf photosynthesis have been demonstrated by elevated [O3] (Morgan et al., 2003; 
Wittig et al., 2007; Ainsworth, 2008; Feng et al., 2008), drought (Lawlor and Cornic, 2002), and 
extreme temperatures (Berry and Bjorkman, 1980; Oquist, 1983; Sharkey, 2005; Ruiz-Vera et 
al., 2013).  Reviews demonstrate a positive correlation between leaf photosynthesis and εc and 
suggest that the  above-mentioned climate/weather factors alter εc greatly when they affect leaf 
photosynthesis (Beadle and Long, 1985; Sinclair and Muchow, 1999). Leaf nutrient status also 
affects leaf photosynthetic rates, and therefore nutrient deficiencies, such as limited nitrogen and 
phosphorus, lower εc (Monteith, 1977; Beadle and Long, 1985; Sinclair and Muchow, 1999) and 
increase yield gap.  Foliar damage from pests and pathogens has been shown to down-regulate 
genes involved in photosynthesis (Bilgin et al., 2010), suggesting an additional limiting factor to 
εc.  When grown in the field, leaves at the tops of crop canopies often absorb light far in excess 
of what is needed for maximal photosynthesis, and the excess light must be dissipated as heat 
through non-photochemical quenching or as chlorophyll fluorescence to prevent damage to the 
photosynthetic apparatus (Ort, 2001). Reduction in incident radiation by shading decreases the 
amount of absorbed light energy at the top of the canopy, thereby increasing the efficiency with 
which absorbed light is used (Long et al., 2006). Clouds, over topping leaves, as well as some 
synthetic shading materials increase the proportion of diffuse to direct radiation (Healey and 
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Rickert, 1998) and therefore the total amount of light reaching shaded leaves within the canopy 
(Sinclair and Muchow, 1999), which, along with other factors, may be beneficial in 
intercropping (Anil et al., 1998). 
A plethora of literature exists on εc and how it is affected by climate change driving 
greenhouse gases, weather-related stresses predicted to worsen due to climate change, and 
management in the form of inputs and spatial planting arrangements. Therefore, a meta-analysis 
is a useful tool to statistically quantify the effects of these factors and thus quantify their 
importance in limiting yield. Previous reviews have described the results of εc studies (Monteith, 
1977; Beadle and Long, 1985; Sinclair and Muchow, 1999), but none have quantified the effects 
of climate change, both causes and effects, and management on εc.  The purpose of this study 
was to use a meta-analysis to a) determine the percent change in εc due to elevated [CO2], 
elevated [O3], water stress, temperature stress, nitrogen application, phosphorus application, 
foliar damage, shade, and intercropping, and b) identify the effect of within treatment variability 
due to treatment type and dosage, plant characteristics, and growth environment on εc.  
Significant increases in εc were found with elevated [CO2], nutrient inputs, shading, and 
intercropping, and therefore these variables have the potential to raise the ceiling on yield 
potential, especially with further optimization and engineering for enhanced responses. Elevated 
[O3], water stress, temperature stress, and foliar damage decreased εc and warrant improved 
stress tolerance and management practices to prevent average yield decreases and ultimately a 
wider yield gap.    
 
Methods 
Database development 
Studies on εc or “radiation use efficiency” were found using the Web of Science citation database 
(ISI, Philadelphia, PA).  Additional studies were included when referenced by the studies found 
by the methods above. Means, sample sizes, and standard deviations (if available) were collected 
for both controls and treatments from individual studies (Supplementary Table A.1).  In cases 
where other variances were given, standard deviations were back calculated, and if standard 
deviations were not reported, they were sought from the authors.  When values were only 
available in figures, the values were digitized using Grafula 3 v2.10 (Wesik SoftHaus, St. 
Petersburg, Russian Federation).  Values taken from the same study were considered 
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independent when cultivars, location, growing period, stresses, and treatments or treatment levels 
differed (Ainsworth et al., 2002). 
The pool of available studies was narrowed by certain criteria.  Studies that did not report 
sample size could not be used.  εc values based on incident light were not included because 
apparent changes in εc may have been influenced by changes in εi (Monteith, 1994).  Several 
studies included εc values during different parts of the growing season.  When a value for the 
entire season was not available, a maximum value was used from vegetative stages since εc 
values determined from regression slopes of dry matter accumulation are more linear during 
vegetative stages (Sinclair and Muchow, 1999).  If values based on both aboveground and total 
dry matter were included, only the value based on aboveground dry matter was used since 
methods of estimating or measuring belowground biomass varied greatly across studies.  Values 
based on regression slopes of dry biomass versus intercepted radiation were used preferentially 
over calculated ratios due to lower errors (Monteith, 1994; Sinclair and Muchow, 1999).  
Comparisons between treatment and control were considered valid only if made within the same 
growing period and with equal growth conditions to avoid potential confounding effects.  
Although measurements and units of εc varied by study, these inconsistencies were circumvented 
using response ratios. 
 
Meta-analyses 
Traditionally, meta-analyses measure the response of several variables to a treatment. This study 
used a different approach in that it compared the change in one variable in response to several 
separate treatments. The response variable, εc, was compared across the atmospheric conditions 
of elevated [CO2] compared to ambient conditions and elevated [O3] compared to ambient air 
when in free air concentration enrichment (FACE) and charcoal filtered air when in open top 
chamber (OTC) studies. εc responses were also analyzed in conditions predicted to occur due to 
climate change such as water and temperature stress compared to optimal water supply and 
temperature. The effects of management practices were examined using the treatments of 
nitrogen and phosphorus addition, foliar damage due to pests and disease, shading, and 
intercropping. For nutrient treatments, the control was the lowest amount of nutrient applied in a 
study, and treatments consisted of nutrient additions. In the foliar damage treatment, the controls 
were healthy unaffected plants versus those that had suffered from pests or diseases, and shading 
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analyses compared shaded plants to those in full sunlight. For the intercrop treatment, the control 
was a crop that was already established or the crop that is more widely planted in the area and 
time period of the study (FAO, 2011), and the treatment occurred when another species was 
intercropped with the control species. 
Categorical variables were used to test for heterogeneity within treatment groups.  These 
consisted of treatment dosage or type (Table 2.1), plant characteristics, and growth condition 
(Table 2.2).  Discrete variables were separated into their qualitative categories while continuous 
variables were assigned arbitrarily to categories.   
The meta-analysis was conducted using the natural log of the response ratio (treatment 
mean/control mean; Hedges et al., 1999; Rosenberg et al., 2000).  Values were reported as 
percent changes where positive change represented stimulation and negative change represented 
a decrease in εc due to the treatment.  A mixed-model analysis was run using MetaWin 
(Rosenberg et al., 2000). When a sufficient number of studies contained standard deviation 
values within a treatment, a weighted parametric analysis was used (Gurevitch and Hedges, 
1999) where the weight of a study was determined by its mixed-model variance (Hedges et al., 
1999).  To test for ample standard deviations, both weighted and non-weighted analyses were run 
and the percent changes were compared.  Small changes (< 10% difference between weighted 
and non-weighted) allowed for reporting weighted analyses whereas large changes or results that 
altered interpretations constituted reporting the results of the non-weighted, non-parametric 
analyses.  Confidence intervals were determined by bootstrapping methods using 9999 iterations 
in non-parametric analyses (Adams et al., 1997; Gurevitch and Hedges, 1999; Rosenberg et al., 
2000).  In both weighted and non-weighted analyses, a treatment effect was considered 
significant if the 95% confidence intervals did not overlap zero.  In non-weighted categorical 
analyses, categories within a treatment were considered significantly different if their confidence 
intervals did not overlap.  The between group variability (Qb) of categorical variables in 
weighted analyses, determined according to Curtis and Wang (1998), was statistically tested 
using an alpha of 0.05.   
 
Results & Discussion 
Atmospheric gas concentrations significantly affected the response of εc 
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Elevated [CO2] increased εc by 20% overall (Figure 2.1), which was similar to a reported 17% 
mean increase in yield due to elevated [CO2] in FACE studies (Ainsworth and Long, 2005).  The 
mean stimulation of εc was twofold greater for [CO2] enrichment > 599 ppm compared to 
enrichments of 450-599 ppm (Figure 2.1).  εc stimulation was significantly affected by 
photosynthetic type (PS) with a fivefold greater stimulation in C3 compared to C4 plants (Figure 
2.1).  This agreed with previous meta-analyses with a greater response in C3 versus C4 plants to 
elevated [CO2] in variables related to εc such as Asat and biomass accumulation (Wand et al., 
1999; Ainsworth and Long, 2005).  However, small sample size prevents strong conclusions in 
this area.  Based on these findings, yield potential will increase with increasing [CO2], which will 
beneficially widen the yield gap to allow for greater rates of increase in average yields.  
Engineering higher capacity forms of Rubisco, greater electron transport capacity, and stronger 
sink capacity will further enhance the responsiveness to elevated [CO2] (Ainsworth et al., 2008) 
and therefore overall yield potential.  
Interactions with other variables may prevent realized yields from increasing with 
increasing [CO2], resulting in a detrimentally wider gap between actual and potential yields. The 
response ratio was greater under elevated [CO2] in wheat when background [O3] was also 
elevated, but overall values of εc declined (Rudorff et al., 1996).  A threefold greater response 
ratio of εc to elevated [CO2] was measured in a water-stressed legume compared to the well-
watered condition, but again, the overall εc values were depressed by the negative stress (Clifford 
et al., 1993).  Elevated [CO2] decreases stomatal conductance (gs), which ameliorates the 
negative effects of other stresses (Leakey et al., 2009) and increases εc to a greater extent under 
stressful conditions, but any increases in the magnitude of εc are absent in the presence of these 
stresses.  Limited nitrogen often constrains the response of plants to elevated [CO2] (Stitt and 
Krapp, 1999); however, the only study that examined this interaction and its effects on εc did not 
report a change in the response or magnitude of εc in barley to elevated [CO2] under limited 
nitrogen conditions (Manderscheid et al., 2009).   
Elevated tropospheric [O3] significantly decreased εc compared to control conditions (-
8.4%; Figure 2.1), but the magnitude of the effect was considerably less than biomass and yield 
changes in wheat (Feng et al., 2008), rice (Ainsworth, 2008), and soybean (Morgan et al., 2003) 
exposed to elevated [O3].  This suggests that O3 also affects εp but the smaller impact on εc than 
on biomass is difficult to understand since any differences in εi are controlled for by using 
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absorbed radiation in the εc calculation.  The fact that studies that used ambient air as a control 
were included, suggest that these results may be more indicative of how increases in [O3] will 
affect εc from present tropospheric concentrations rather than the level of inhibition caused by 
elevated [O3] in relation to preindustrial levels and could explain the smaller biomass response in 
this analysis.  Although the dose effect was not significant (Qb = 7.26, P = 0.08), there was a 
trend for a greater decrease as the magnitude of elevated [O3] increased (Figure 2.1), which is 
consistent with past studies (Morgan et al., 2003; Feng et al., 2008).  However, a lack of 
significance in this study may be due to the reasons postulated above.  PS and the type of life 
cycle (LC) did not affect the response of εc to elevated [O3] (Qb = 0.16, P = 0.64 for PS and Qb = 
0.05, P = 0.84 for LC), but again the C4 category lacked sufficient degrees of freedom to draw 
solid conclusions (Supplementary Table A.2). Contrary to these categorical results, previous 
reviews have emphasized that crop responses to elevated [O3] vary across and within species 
(Fiscus et al., 2005), and have suggested there is potential for improvement using breeding and 
biotechnology to increase antioxidant capacity and improve [O3] sensing and signaling 
(Ainsworth et al., 2008). 
 
εc responded negatively to water and temperature stress 
εc was significantly decreased by water stress (-16.8%; Figure 2.2).  The extent of the negative 
effects of water stress were significantly greater when water was limiting compared to when 
water was excessive (Figure 2.2).  The extent of water stress was not reported in a majority of the 
studies and therefore a relationship could not be determined between severity and changes in εc.  
The negative response of εc was greater when water stress occurred during reproductive stages or 
over the entire growing season compared to only during vegetative stages (Figure 2.2), which 
would be expected to amplify its effect on yield for grain or fruit crops.  In wheat, additional 
sinks during reproductive growth increase the demand for photosynthate resulting in greater leaf 
photosynthesis (Reynolds et al., 2005), but water stress may prevent that photosynthetic 
stimulation and therefore cause a more pronounced decrease in εc as compared to the decrease 
evident during vegetative stages.  Nitrogen fixing plant (NF) responses to water stress were three 
times more negative than in non-fixing plants (Figure 2.2).  This finding portends concern 
regarding predictions of changing precipitation patterns considering legumes are the second most 
important plant group to humans (Graham and Vance, 2003).  An estimated 12-15% of the 
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world’s arable land is used for legume production and provides considerable benefits to both 
human vegetable protein consumption in addition to soil improvement through nitrogen fixation 
where fertilizers are limited (Graham and Vance, 2003).  The 18% greater decrease in εc most 
likely contributes to reduced yields in legumes and subsequently planted crops on the same land, 
and it emphasizes the importance of improving drought tolerance and water use efficiency in 
legumes to increase εc under reduced precipitation.  Although evidence was limited, elevated 
[CO2] may help mitigate the negative effects of drought in a legume crop since elevated [CO2] 
decreased the negative effects of drought in Arachis hypogaea by one third (Clifford et al., 
1993).   
Temperature stress was the only treatment that resulted in a non-significant effect on εc (-
17.3%) as compared to control growth conditions (Figure 2.2), most likely due to the limited 
numbers of studies available.  εc was not significantly affected by the type of temperature stress 
(Figure 2.2), PS, or NF (Supplementary Table A.2), but it should be noted that PS and NF 
categories were completely confounded with each other.  One would expect temperature stress to 
cause a greater decrease in the εc of C3 plants with above-optimal temperatures due to increased 
photorespiration, whereas εc would decrease to a greater extent in C4 with below-optimal 
temperatures (Long et al., 2006).  However, the limited number of studies makes it difficult to 
make any conclusive remarks regarding the effects of temperature on εc as a function of 
photosynthetic type.     
 
εc responses were greater with larger additions of nitrogen and smaller additions of phosphorus 
The greatest changes in εc were evident with nitrogen applications. For the purpose of this 
analysis nutrient additions were used instead of leaf nutrient concentration due to the limited 
number of studies that reported leaf nutrient status.  Since nutrient additions encompassed a large 
range (16 to 420 kg ha-1 of nitrogen and 17.5 to 111 kg ha-1 of phosphorus), εc dosage responses 
were deemed more appropriate than overall responses.  Increases in εc displayed a curvilinear 
response to nitrogen additions with a maximal response to nitrogen addition of about 55% 
occurring between 201and 250 kg ha-1 nitrogen added (Figure 2.3).  Regression analyses 
demonstrated a similar curvilinear trend with saturation in the εc response occurring after 250 kg 
nitrogen ha-1 added (Supplementary Figure A.1).  A similar curvilinear relationship exists 
between leaf nitrogen and leaf and canopy photosynthesis (Sinclair and Muchow, 1999).   
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Approaching this from the opposite direction, crops could experience a 55% decrease in εc when 
nitrogen is limiting which would contribute significantly to yield gap.  In many areas of the 
world where fertilizer is not available or affordable and soils are nutrient poor, it is very possible 
that decreases occur to this extent in εc, which could be translating to proportionally smaller 
yields under nitrogen limitation.  PS and plant type (PT) significantly affected the response of εc 
to nitrogen.  The stimulation in εc with added nitrogen in C4 plants was 2.5 times greater than in 
C3 plants (Figure 2.3).  The stimulation in herbaceous non-crops was almost two times greater 
than the response seen in crops, which may be due to growth in poorer or less intensively 
managed soils than crops.  However, if genetic differences exist in nitrogen responsiveness, these 
could be used to make crops more responsive to nitrogen.  Trees did not statistically differ from 
either crops or herbaceous non-crops (Figure 2.3).  LC did not significantly affect the response of 
εc to nitrogen additions (Qb=0.78, P = 0.59; Supplementary Table A.2). 
Maximum increases in εc (36.3%) occurred with phosphorus additions of 51-100 kg ha-1, 
but as application rates exceeded that dosage, the additional response in εc was drastically 
reduced (Figure 2.3).  However, only two studies contained phosphorus treatments greater than 
100 kg ha-1, and their results were quite variable.  One demonstrated a large positive response of 
εc to phosphorus addition (Manrique, 1993) in contrast to the other study which reported a range 
of -4 to +5% percent change in εc with additions of 111 kg ha-1 (Plenet et al., 2000).  The 
phosphorus contents of the soils prior to fertilization in the treatment plots differed across studies 
and may have caused the disparity seen between studies.  In the Plenet et al. (2000b) study, 
available soil phosphorus in all treatment levels prior to fertilization were considerably higher 
than those reported, both pre- and post-fertilization, by Manrique (1993).  While available soil 
phosphorus concentration may have been a better metric to examine the effects of phosphorus 
additions on εc, the frequency with which this was reported was low.  However, these findings 
suggest fine tuning inputs based on soil phosphorus availability to maximize εc and minimize 
wasted phosphorus.  Non-nitrogen fixing plants demonstrated a significantly greater increase in 
εc (35.0%) compared to fixing plants (7.5%) when phosphorus was more readily available 
(Figure 2.3), which emphasizes the need for sufficient soil phosphorus to prevent yield losses in 
legumes.  PS did not significantly affect the response of εc to phosphorus (Supplementary Table 
A.2).   
 
17 
 
Foliar damage caused a significant decrease in εc whereas shading and intercropping 
significantly increased εc 
Foliar damage demonstrated a relatively small but significant influence on εc (-6.46%; Figure 
2.4), and pest damage had greater effects on εc compared to damage from disease (-19.5 and -
2.14 %, respectively; Figure 2.4). The majority of data points representing pest damage came 
from one study on the effects of spider mites on εc (Sadras and Wilson, 1997).  Percent changes 
in εc ranged from -56% to -0.3%.  However, these were correlated with greater mite populations, 
which also varied within the study (Sadras and Wilson, 1997) and may account for the greater 
disparity between pest and disease damage while also demonstrating the benefits of effective 
pest management to maximize εc.  Perennials displayed a significantly greater decrease in εc 
response compared to annuals when damage occurred (Figure 2.4).   
Overall, shading significantly increased the response ratio of εc compared to plants in full 
sunlight by 18.0% (Figure 2.4). Although the extent of shading did not result in a statistically 
significant difference in the response (Figure 2.4), the data showed the expected trend of the 
greatest percent increases in εc occurring at the lowest levels of shading.  The potential for 
extraordinarily great changes in εc with shading (> 200% increase) were demonstrated in two 
studies with < 50% shade treatments (Stirling et al., 1990; Cruz, 1996).  Large increases in εc 
with shade were possible primarily because all measurements included in the shade analyses 
were conducted in the field in which ambient light levels are often times well above saturating 
light levels needed to achieve maximum photosynthesis for leaves at the top of the canopy (Ort, 
2001).  Therefore, plants absorb several fold more light than they can use photosynthetically, 
which, by definition, drastically reduces the photosynthetic efficiency of the leaf (Long et al., 
1994).  Shade not only decreases the amount of light reaching the canopy, but it can also change 
light qualities by increasing the ratio of diffuse to direct sunlight and allowing greater light 
penetration into the canopy to stimulate canopy photosynthesis (Roderick et al., 2001).  While 
the large benefits of shade on εc could translate to greater yields, the fact that shade decreases 
overall St on a crop may negate those benefits on yield potential if excess light is inactively 
absorbed. However, using taller plants to limit radiation reaching light-sensitive canopies or 
optimizing light distribution in canopies through modified canopy architecture (Long et al., 
2006) or chlorophyll content (Ort et al., 2011) could abate this problem. This analysis could not 
identify varying light sensitivity across plant categories since several plant characteristics within 
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the shade treatment were confounded. C4 plants in which εc was enhanced by 52.3% were also 
perennial herbaceous non-crops and all C3 plants in which εc was 11.2% greater were annual 
crops (Figure 2.4).  
Intercropping a commonly grown species with another species caused a significant 
stimulation (15.1%) in εc compared to growing that species alone (Figure 2.4).  The greatest 
stimulation within categorical variables came from the following categories: C3 + C3, tree + crop, 
and perennial + perennial (Figure 2.4).  However, there were a fair amount of data points that 
overlapped among those three categorical levels.  The majority of tree + crop and perennial + 
perennial points were also C3 + C3 intercropping systems.  Intercropping two C4 plants actually 
decreased the εc response ratio (Figure 2.4).  This resulted in a 58% difference between C4 and 
C3 stands (Figure 2.4).  Intercropping usually indicates two crops being grown in the same space 
at the same time (Anil et al., 1998), and unless the crops are the same size, one of them is likely 
to be shaded.  Therefore, shade tolerance is preferred in the understory canopy.  Unfortunately, 
the confounding factors in the shade treatment prevented any comparisons between categories 
that benefited from both shade and intercropping, but based on the shading effects, further 
experimentation could determine beneficial relationships in mixed stands containing plants of 
varying heights and shade tolerances to maximize εc on a land area basis.  Another benefit of 
intercropping may come from nutrient sharing between legumes and non-legumes (Anil et al., 
1998). This was not supported by the analysis since none of the NF categories were significantly 
different (Supplementary Table A.2), but it may be due to benefits being less evident when 
nutrients are not limiting (Anil et al., 1998).  Further tests with mixes of legumes and non-
legumes on nutrient poor soils would be useful to determine the beneficial extent of legumes and 
their arrangement. The increases in εc may be due to additional intercropping advantages 
demonstrated by complementary crops, such as larger soil volume exploitation to gain access to 
greater quantities of water and nutrients, improved pest/disease resistance, which directly 
influences εc (Figure 2.4), and increased ground cover to improve soil conservation (Anil et al., 
1998).  
 
Growth condition analyses revealed bias in εc measurements when plants were grown with 
limited rooting volume 
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Growth condition (GC) analyses yielded significant results within several treatments. Potted and 
greenhouse studies limited soil volume and exaggerated treatment effects on εc by threefold as 
compared to FACE and OTC experiments that studied plants grown directly in the field.  While 
εc responded similarly to elevated [CO2] in FACE and OTC conditions, the εc of potted plants in 
OTCs demonstrated a twofold greater stimulation than in field OTC studies (Figure 2.5).  The 
depression of εc was two times greater in potted field experiments and three times greater in 
greenhouse studies versus water stress experiments conducted directly in the soil (Figure 2.5).  A 
greater than fivefold increase in the response of εc to shade was demonstrated by potted studies 
compared to field-grown plant experiments (Figure 2.5).  Temperature treatments in the field 
significantly decreased εc compared to greenhouse studies (Figure 2.5), but it should be noted 
that all sheltered field studies consisted of plants sown directly in the soil and treated with above 
optimal temperatures.  All of these effects, except the temperature, suggest that soil volume 
affects εc responses to other treatments.  Even under sufficient water conditions, plants in pots 
may experience decreased gs and loss of leaf water potential due to imbalanced root to shoot 
ratios caused by root restriction (Tschaplinski and Blake, 1985).  In elevated [CO2], plant 
canopies demonstrate an increased water use efficiency caused by decreased gs (Leakey et al., 
2009), which may magnify the response of εc to elevated [CO2].  The same concept may cause 
the greater decrease in εc with drought where decreased root surface area and drought conditions 
combine together to decrease εc.  For plants already water limited, shading would provide a 
lesser need for cooling via transpiration and water loss, thereby conserving water longer.  In the 
greenhouse, these effects may be enhanced by an altered environment such as lower incident 
light intensity and changes in relative humidity.  With the exception of the temperature 
treatment, small sample sizes of non-field conditions compared to those of field conditions imply 
that these did not affect overall mean treatment effects.  However, with the large-fold differences 
due to rooting volume conditions, trying to discern treatment effects from plants grown with 
limited soil volume would be misleading when attempting to determine the effects 
climate/weather and management cause in the field.   
 
Conclusions 
Using a novel approach to a meta-analytical study, we have statistically quantified how and to 
what extent εc is sensitive to several climate/weather factors and management practices that 
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affect the ability of crops to close the yield gap between average and potential yields.  Elevated 
[CO2] increases εc and therefore raises the ceiling on yield potential, but using biotechnology to 
engineer for greater responsiveness to elevated [CO2] will result in more substantial increases.  
Although shade also increases εc, the fact that it does so by decreasing St forecasts that it will not 
contribute as directly as elevated [CO2] to increasing yield potentials unless excess light is used 
more efficiently through intercropping, modified canopy architecture, or reduced chlorophyll 
content. The greatest εc response was seen with large quantities of added nitrogen, which also 
means severe decreases in εc could occur when nitrogen is limiting.  Therefore, engineering 
plants for greater response to nitrogen applications is crucial to prevent decreases in εc and 
average yields.  This is especially important in nutrient poor areas predicted to suffer from 
worsening drought conditions since substantial decreases in legume productivity due to drought 
will negatively impact soil nitrogen availability for subsequent crops.  Elevated [O3], water 
stress, temperature stress, and foliar damage depress measured yields and prevent gap closure, 
and these effects warrant advanced engineering for stress tolerance and agronomical practices 
such as intercropping to decrease pest and disease damage.  Further experimentation to 
determine optimal practices is warranted, but growth condition analyses emphasize the 
importance of obtaining estimates of εc in field conditions for reliable results.  Overall, these 
results indicate the significant extent to which environmental factors vary εc and support the 
concept that εc can be improved to increase yield potential and raise the ceiling to allow for 
greater rates of increase while closing the yield gap. 
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TABLES AND FIGURES 
Table 2.1.  Categories and levels describing treatment dosage and type effects.   
Variable Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 
[CO2] dosage (ppm) 450-599 >599     
[O3] dosage (ppb) 30-59 60-79 >79    
Water stress: type Excessive Limiting     
Water stress: timing Vegetative  Reproductive  Growing season    
Temperature stress Above optimal Below optimal     
Nitrogen added (kg ha-1) 0-50 51-100 101-150 151-200 201-250 >250 
Phosphorus added (kg ha-1) 0-50 51-100 >100    
Damage type Pest Disease     
Shade dosage (%) 0-50 50-100     
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Table 2.2.  Categories and levels describing plant characteristics and growth environment. 
Category Abbr. Level 1 Level 2 Level 3 Level 4 Level 5 Level 6 Level 7 
Photosynthesis Type  PS C3 C4      
Life Cycle  LC Annual Perennial      
Plant Type PT Crop HerbNC Tree     
Nitrogen Fixation NF Fixer Non-fixer      
Growth Condition GC FACE OTC OTC (pots) Field  Field (pots) Greenhouse Shelter (pots) 
Abbreviations: HerbNC = Herbaceous non-crop; FACE = free air carbon enrichment; OTC = open top chamber 
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Figure 2.1. Percent change in εc due to treatments and categories within treatments in response to 
elevated [CO2] and [O3]. Symbols represent the mean percent change from control conditions 
with 95% confidence intervals. Degrees of freedom (df) are listed on the right with mean control 
(Cmean) and treatment (Tmean) dosage in parentheses.  Treatments are separated by dashed lines.   
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Figure 2.2. Percent change in εc due to treatments and categories within treatments in response to 
water and temperature stress. Symbols represent the mean percent change from control 
conditions with 95% confidence intervals. Degrees of freedom (df) are listed on the right.  
Treatments are separated by dashed lines.  V = vegetative; R = reproductive; fix = nitrogen 
fixing plant; non-fix = non-nitrogen fixing plant. 
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Figure 2.3. Percent change in εc due to treatments and categories within treatments in response to 
nitrogen and phosphorus additions. Symbols represent the mean percent change from control 
conditions with 95% confidence intervals. Degrees of freedom (df) are listed on the right with 
mean control (Cmean) and treatment (Tmean) dosage (kg ha
-1) in parentheses.  Treatments are 
separated by dashed lines.  herbNC = herbaceous non-crop species; fix = nitrogen fixing plant; 
non-fix = non-nitrogen fixing plant. 
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Figure 2.4. Percent change in εc due to treatments and categories within treatments in response to 
damage, shade, and intercropping. Symbols represent the mean percent change from control 
conditions with 95% confidence intervals. Degrees of freedom (df) are listed on the right with 
mean control (Cmean) and treatment (Tmean) dosage in parentheses when applicable.  Treatments 
are separated by dashed lines.  herbNC = herbaceous non-crop species. 
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Figure 2.5.  Percent change in εc due to growth condition (GC) within treatments in response to 
elevated [CO2], water, temperature, and shade.  Symbols represent the mean percent change from 
control conditions with 95% confidence intervals. Degrees of freedom (df) are listed on the right 
with mean control (Cmean) and treatment (Tmean) dosage in parentheses when applicable.  
Treatments are separated by dashed lines.  Temp. = temperature treatment; FACE = free air 
concentration enrichment; OTC = open top chamber. 
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CHAPTER 3 
Current means and trends in food and energy crop solar energy conversion efficiency 
Abstract 
Increasing yield potential is critical for doubling yields by the middle of this century. The 
conversion efficiency of absorbed radiation into biomass (εc) is a component of yield potential 
that has been estimated at less than half the theoretical maximum. However, εc varies 
substantially due to climate and management conditions, making it difficult to assess in specific 
crop species from individual studies. Using 153 published studies of εc measured in the field, this 
study evaluated the means, greatest contributors to variation in εc, and genetic trends in εc under 
non-stressed growing conditions across food and biofuel crop species. As expected, εc was 
generally lower in C3 than C4 crops with the exception of new hybrid rice varieties, which 
surprisingly had a similar mean εc (0.047) compared to grain sorghum (0.045) and maize (0.049). 
With the exception of peanut, εc was substantially reduced in legumes compared to other C3 
crops. C4 biofuel crops had substantially greater means (0.05-0.07) than food crops, some of 
which surpassed half of the C4 theoretical upper limit. Multiple regression analyses indicated that 
most often the greatest contribution to εc variability was environmental and not genetic. Few 
crops demonstrated significant increases in εc due to a genetic component, most of which 
indicated <1% increases per year. This indicates that substantial genetic or transgenetic 
advancements, which will be more difficult to obtain with predicted climate change effects, are 
needed to double εc and therefore yields in most crops to meet predicted midcentury agricultural 
demand.  
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Introduction 
Substantial increases in yield are needed to feed and fuel the world’s growing human population 
with increasing economic status. With an estimated population of nine billion people by the 
middle of this century (Lutz and KC, 2010) and rising affluence resulting in greater consumption 
of grain-fed animal products (Cirera and Masset, 2010), a predicted doubling of yields is needed 
by 2050 (Tilman et al., 2011). Even more challenging is the fact that these increases will need to 
occur on equal or less land area due to greater competition from urbanization (Satterthwaite et 
al., 2010).  
Doubling yields in major food and fuel crops requires considerable effort, especially as 
yields are beginning to plateau in many major crops. Yield increases necessary for doubling 
productivity by mid-century are estimated at 1.16-1.31% each year in all cereals (Hall and 
Richards, 2013), 1.7% per year in wheat (Rosegrant and Agcaoili, 2010), and 2.4% (non-
compounding average per year) across all major grain crops (Ray et al., 2013). However, global 
mean increases from the past 20-30 years suggest that yield gains in rice and wheat are 
approximately 1% (Lopes, 2012; Manes, 2012; Ray et al., 2013) and declining in some areas of 
the world (Cassman et al., 2010; Fischer and Edmeades, 2010; Long and Ort, 2010; Ray et al., 
2013).  Global yearly increases are estimated at 1.3% in soybean and 1.6% in maize with similar 
concerns that yield trends may also be decreasing in some major growing regions (Lobell and 
Gourdji, 2012; Ray et al., 2013).  
Efforts to increase yields in the next few decades must also account for heightened 
environmental stresses predicted to occur due to climate change, which are already responsible 
for some of the stagnation in yield increases. Anthropogenic sources of greenhouse gases have 
caused a ~1 ºC increase in land surface temperatures since 1900, and global mean surface 
temperatures are likely to increase by up to 2.4-4.8 ºC by the end of the century (IPCC, 2013). 
Drought is also expected to become more frequent and intense in many regions of the world 
(Dai, 2011; IPCC, 2013). Of the variability present in major food crop yield gains, 30% can be 
explained by climate change alone (Lobell and Field, 2007) with drastic decreases in barley, 
maize, rice, sorghum, soy, and wheat yields as average growing season temperatures surpass the 
temperature optimum for each respective crop (Lobell and Gourdji, 2012). Current levels of 
atmospheric CO2 concentration [CO2] are the highest they have been in at least 800,000 years 
(IPCC, 2013), and elevated CO2 increases water use efficiency (Ainsworth and Long 2005, 
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Bernacchi et al., 2007, Leakey et al., 2009), but probably not to an extent that would mitigate the 
resulting reductions in yield caused by higher temperature and vapor pressure deficit (Ort and 
Long, 2014). Additionally, any fertilization effects due to elevated [CO2] would be negated, 
leaving yield increases far from optimal (Lobell and Gourdji, 2012). 
To double yields in less than 50 years with the challenges of climate change, research 
needs to target yield related processes with considerable room for improvement. Estimated at 
less than half of the theoretical maximum in C3 (0.094) and C4 (0.123) plants in optimal 
conditions, the conversion efficiency of photosynthetically active radiation into plant biomass 
(εc) is an ideal candidate for increasing yield potential (Beadle and Long, 1985; Zhu et al., 2010). 
Moreover, considerable variation is present in εc as it is sensitive to greenhouse gases and 
weather-related variables predicted to intensify due to climate change (Sinclair and Muchow, 
1999; Slattery et al., 2013). This also implies that using single studies may not be the best 
method for gauging the status of εc within individual crop species. Using the large body of 
literature that exists on εc instead should provide insight into the extent that εc varies among food 
and biofuel crop species, which crops demonstrate greater potential for εc improvements, and 
inherent characteristics that may be benefitting εc in crops with greater realized εc. Since the 
literature spans several decades, the extent to which genetic improvements versus climate change 
have contributed to εc can also be assessed for individual crop species. 
Evaluating the current status of εc in major food and biofuel crops and the potential 
contribution to future yield increases is critical information in prioritizing strategies for 
increasing yield gains. This study used 153 peer-reviewed studies to calculate and compare the 
mean εc in reportedly non-stressed food and biofuel crops over the past few decades. An 
additional aim was to determine whether or not εc has been improving in major food crops over 
time via breeding or if changes are more greatly associated with climate variables. As expected, 
εc was lower in C3 compared to C4 food crops. Within C3 food crops, εc was significantly lower 
in all legumes except peanut compared to non-legume species. The greatest εc values were 
evident in some biofuel crops, some of which surpassed half the maximum theoretical value for 
C4 grasses. Most of the variation in εc from the past few decades was negatively correlated with 
temperature and solar radiation. Except for grain sorghum, rates of increase in food crop εc were 
<0.6% per year due to breeding only, signifying that εc will not double by 2050 in most food 
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crops without extensive efforts to increase εc, especially with the added resistance of climate 
change. 
 
Methods 
Database formation 
Studies containing εc or “radiation use efficiency” in important food crops spanning major plant 
groups and C4 biofuel crops were found using Web of Science (ISI, Philadelphia, PA, USA; 
Supplementary Table B.1). Articles were mined for information regarding crop husbandry, 
growing location and conditions, and details regarding εc measurements and calculations. Values 
and extra information only available in figures were digitized using Grafula 3 version 2.10 
(Wesik SoftHaus, St Petersburg, Russian Federation).  
Studies were omitted by certain criteria to minimize bias in reported εc. Since non-field 
growth conditions can influence εc (Slattery et al., 2013), experiments not conducted in the field 
free of enclosure or root barriers were excluded. Studies that included belowground biomass in 
their measurements (with the exception of peanut, where biomass included the reproductive 
structures growing belowground) were also excluded since methods of measuring belowground 
biomass were less reliable than aboveground biomass measurements. εc values based on incident 
radiation were not included due to potential bias caused by changes in interception efficiency (ε i; 
Monteith, 1994). εc values obtained in the presence of intercropping, nutrient deficiency, disease, 
or other imposed stresses such as elevated atmospheric gases were removed because these 
factors significantly alter εc (Slattery et al., 2013). If several nutrient treatments were imposed in 
a study, only the value with the optimal nutrient application was kept for each experiment within 
the study to avoid depressions in εc due to nutrient limitations. Since εc is often lower in 
reproductive stages compared to vegetative stages (Sinclair and Muchow, 1999), only values 
obtained from vegetative stages or the entire growing season were retained. Values from the 
same study were only kept if they were considered independent (i.e., growth period, location, 
cultivar, treatment or treatment level differed; Ainsworth et al., 2002).  
 
Data manipulation and gap filling 
εc values were reported in various combinations of units and were standardized to MJ of dry 
matter per MJ absorbed photosynthetically active radiation (APAR) before analyses. Values with 
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mass units were multiplied by the energy content of the crop tissue type (Table 3.1).  If a value 
encompassed both vegetative and reproductive stages, the mean aboveground plant energy factor 
was used, whereas values from solely vegetative stages used the energy based on vegetative 
tissues only (Table 3.1). Radiation values were converted to MJ APAR using the conversion 
factors reported by Gower et al. (1999) and assuming an average leaf area index of 4.0. 
Measurements based on intercepted PAR were converted to APAR using a multiplier of 1.04 
whereas values based on intercepted solar radiation were multiplied by 1.96 to convert to APAR 
(Gower et al., 1999). 
Despite removing studies containing any stressful conditions, there was substantial 
variation in the recorded weather/climate related conditions that can cause variation in εc 
(Slattery et al., 2013). These conditions were used as independent variables in multiple 
regression analyses and included: mean annual [CO2] for the year(s) the experiments were 
conducted, mean growing season temperature (T), available incident solar radiation during the 
growing season (St), and the amount of precipitation (rain and irrigation) available during the 
growing season (H2O). Mean annual [CO2] data were obtained from Dr. Pieter Tans, 
NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/trends/) and Dr. Ralph Keeling, Scripps Institution 
of Oceanography (scrippsco2.ucsd.edu/). Whenever possible, missing T and H2O data were 
obtained from NOAA (www7.ncdc.noaa.gov/CDO/cdo) from the experiment site corresponding 
to the growing season dates. Missing St was found using the National Solar Radiation Database 
(http://rredc.nrel.gov/solar/old_data/nsrdb/) or the interannual variability data available through 
NASA SSE (https://eosweb.larc.nasa.gov/cgi-bin/sse/sse.cgi). A genetic component was also 
included in the analyses and was represented by the year of release (YOR) for each variety for 
which εc was calculated. If an actual YOR was not reported in the literature or the Germplasm 
Resources Information Network (GRIN) database (National Genetic Resources Program, 
USDA/ARS), it was stated as the earliest mention in the literature using searches in both Web of 
Science (ISI, Philadelphia, PA, USA) and Google Scholar. The ranges of each independent 
variable within each crop species were listed (Supplementary Table B.2). Groups were assigned 
within rice and wheat to further investigate trends and variation due to genetic components and 
growth habits within crops (Table 3.1). 
 
Analyses 
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εc means were calculated using an ANOVA (Proc GLM; SAS ver. 9.3, SAS Institute, Cary, NC, 
USA), and differences were considered significant at p<0.1. Prior to multiple regression 
analyses, Proc CORR (SAS ver. 9.3, SAS Institute, Cary, NC, USA) was first used to test for 
correlation between the independent variables where relationships greater than 0.8 were 
considered severe. Variance inflation factors were also determined (Proc REG; SAS ver. 9.3, 
SAS Institute, Cary, NC, USA) with the criterion that values greater than 10 also indicated 
severe correlation. Significant correlation was not present among any of the independent 
variables within each crop dataset. Therefore, stepwise multiple regression analyses were 
conducted on εc versus the independent variables of breeding (YOR) and environmental factors 
([CO2], St, T, and H2O; Proc REG, SAS ver. 9.3, SAS Institute, Cary, NC, USA) to determine 
which factors best explained the variation in εc. Sample size was drastically reduced in many of 
the crops when H2O was included in the model since limited studies reported irrigation amounts. 
Results were therefore reported for analyses without H2O unless sample size was reduced by less 
than 10% with H2O in the model. The food crops with positive YOR regression coefficients from 
multiple regression analyses were used to estimate the current εc in 2014, then project the 
approximate amount of time needed for each crop or subgroup εc to double and to reach the 
respective theoretical maxima for C4 and C3 plants. This was assuming no changes in climate, 
breeding intensity, or other factors.  
 
Results 
Unstressed εc means in food crops over the past few decades were less than half of theoretical 
limits and less than one third in most legumes. 
Maize, a highly developed and intensively grown crop, had the greatest mean εc among food 
crops included in the analysis (0.0488; Figure 3.1, Table 3.2) but was still less than half the 
predicted maximum of 0.123. Grain sorghum was significantly lower than maize (p=0.08; Figure 
3.1) and was only 37% of the maximum. C3 non-legume crop means did not exceed 0.04 (Figure 
3.1, Table 3.2) and ranged from 40-45% of the predicted maxima with the greatest mean in rice 
(0.0399; Figure 3.1, Table 3.2). Except for peanut, which had a mean εc of 0.0346 (Figure 3.1; 
Table 3.2) and was approximately 38% of the maximum, all legume means were approximately 
31% of the possible maximum for C3 crops (Figure 3.1, Table 3.2).  
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εc varies among groups within rice and wheat 
After separating the rice varieties into subgroups (new hybrids, indica, japonica, and basmati), 
significant differences were evident among the groups (Figure 3.2). εc in new hybrids and indica 
varieties was significantly greater than the japonica and basmati groups (Figure 3.2). New 
hybrids were not significantly different from maize (p=0.51) and neither new hybrids nor indica 
were significantly different from grain sorghum (p=0.49 and p=0.72, respectively). The mean of 
the new hybrids was 0.0472 (Figure 3.2; Table 3.2) and was the only food group to surpass 50% 
of the theoretical mean, while indica was 49% of the theoretical maximum at 0.0442 (Figure 3.2; 
Table 3.2). The εc mean of japonica was much lower at 0.0388 (Figure 3.2, Table 3.2) but 
significantly greater than the mean of basmati (0.0273; p<0.0001; Figure 3.2; Table 3.2), which 
was the lowest mean for any of the food crops studied (Table 3.2). Significant differences were 
also evident between the εc means of spring (0.0352) and winter wheat (0.0399; p<0.01; Figure 
3.2, Table 3.2).  
 
Conversion efficiencies in bioenergy crops often exceeded those of food crops 
Besides M. sinensis and MiscanthusXgiganteus, all other biofuel εc means were significantly 
greater than the mean of maize, which had the greatest mean of the food crops studied (0.0488; 
Figures 3.1, 3.3, Table 3.3). At 0.0702, non-grain sorghum varieties had the greatest εc mean of 
the energy crops included and reached 57% of the theoretical mean for C4 crops (Figure 3.3, 
Table 3.3). Switchgrass εc was not significantly lower than sorghum (p=0.13) and was also 
greater than 50% of theoretical (0.0618; Figure 3.3, Table 3.3). Sugarcane was similar to 
switchgrass (p=0.43) with a mean of 0.0581 (Figure 3.3, Table 3.3), and was not significantly 
different from the MiscanthusXgiganteus mean of 0.0503 (Figure 3.3, Table 3.3). M. sinensis had 
a mean similar to those of C3 food crops and was approximately 23% of the maximum 
theoretical for C4 crops (Figure 3.3, Table 3.3).  
 
Variation in food crop εc is most often explained by negative correlations in St and T  
Of the six crops analyzed via stepwise multiple regression, T and St were included in five linear 
models each, whereas YOR was only included in four and [CO2] was only in two models (Table 
3.4). St was the first variable included in three of the models and T was the first in two models 
(Table 3.4). YOR was the first variable added to the maize model (Table 3.4). Due to reducing 
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sample size, H2O was only included in the analyses for soybean but was not significant in the 
model (p>0.15). Within rice subgroups, new hybrids and indica were most sensitive to variation 
in T while japonica and basmati were more sensitive to St (Table 3.4). T was most important in 
explaining the variation in spring wheat (Table 3.4), but [CO2] and YOR were the first variables 
entered into the winter wheat model (Table 3.4).  
When St was included in a model, the simple regression coefficient was always negative 
(Table 3.4), whereas temperature was negatively correlated with rice (including new hybrids, 
indica, and basmati), spring wheat, and soybean εc and positively correlated with maize, winter 
wheat, and peanut εc (Table 3.4). Any significant changes in εc with YOR were always positive 
(Table 3.4). Correlations with [CO2] were only evident in soybean, indica rice, and winter wheat, 
only the first of which was positive (Table 3.4). Negative correlations in soybean and rice with T 
were associated with the majority of studies at or above optimal temperatures whereas the 
majority of maize and peanut studies were conducted at or below optimal temperatures, which 
most likely contributed to positive correlations (Figure 3.4). Spring and winter wheat 
relationships with T were also different depending on proximity to optimal growth temperatures; 
spring wheat was largely clustered at the optimal growth temperature, whereas winter wheat 
growing season temperatures were usually sub-optimal, resulting in positive correlations with 
increased T (Figure 3.4). 
 
εc increase rates suggest doubling εc or reaching the maxima will not occur before 2050. 
All projections of εc over time ignore any changes in trends with YOR due to genetic or 
environmental changes. Although grain sorghum mean εc was lower than in maize, the greater 
rate of increase would make sorghum the only food crop to have a εc that would double by 2050 
and reach the theoretical maximum by 2100 when operating at non-saturating light conditions 
(Table 3.5). In maize, the food crop with the greatest mean (Figure 3.1), εc will not double until 
the year of 2167 and the maximum will be reached approximately 100 years later (Table 3.5; 
Figure 3.4). Winter wheat is estimated to double at approximately the same time as maize (Table 
3.5) and reach the C3 maximum (0.094) before 2250 (Table 3.5, Figure 3.4). In peanut, the 
estimated time for εc to double is approximately 225 years while reaching the maximum will not 
occur for at least 400 years (Table 3.5).  
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Discussion 
This study aimed to determine the mean εc in several important food and biofuel crops, test the 
key contributors to variation in εc, and determine genetic trends in εc. As expected, mean εc’s 
were lower than the theoretical maxima in all of the major food crops, but they were 
substantially lower in legumes than all other functional types. Bioenergy crop εc means were 
much greater than food crops and some, including energy sorghum and switchgrass, exceeded 
50% of the maximum for C4 grasses. Environmental factors explained the most variation in εc, 
with T and St most often the leading contributors. Positive correlations with YOR were only 
present in a few food crops and rates of increase were relatively low, suggesting that εc will not 
double in most crops before the middle of the century. 
Previous estimates putting εc means in food crops at approximately a third to half of the 
maxima were consistent with the results from this study with the exception of the majority of 
legumes demonstrating values below one third the C3 maxima. One caveat to these results is that 
most studies base εc on aboveground biomass, and this study omitted values from the literature 
based on belowground biomass because a) studies basing εc measurements on total biomass were 
minimal and b) belowground harvesting methods differed greatly and therefore may have 
skewed the results further. εc could increase by 10-20% when accounting for belowground 
biomass (Sinclair and Muchow, 1999), but even then mean εc would only increase by 
approximately 0.01 and still be much lower than the theoretical mean. However, the 
disproportionately lower εc in legume crops may have been due to this omission since 
belowground biomass (roots and nodules) of soybean contains more energy (18.3 MJ kg-1) 
compared to sorghum belowground tissue (16.7 MJ kg-1; Amthor et al., 1994). Alternatively, it 
may be due to nitrogen fixation costs of approximately six grams of carbon per gram nitrogen 
fixed (Vance and Heichel, 1991) and the loss of half the carbon sequestered to nodules through 
respiration (Gordon et al., 1987). Belowground biomass was measured in peanut, which may 
account for the greater εc compared to the rest of the legumes (Figure 3.1) although it may also 
be due to greater energy content than other legumes (Penning de Vries et al., 1989).  
  C4 perennial grass biofuels surpassed food crop εc and the threshold of half the theoretical 
maximum. This greater efficiency may in part be due to a more optimized light utilization within 
the canopy. Optimal canopy architecture for more even light distribution has been hypothesized 
to increase εc up to 40% (Long et al., 2006; Drewry et al., 2014). Giant reed was not included 
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due to small sample size but also demonstrates high εc and a more erect canopy structure with 
more even distribution of light among layers (Ceotto et al., 2013). Reduced tillering is part of the 
new rice ideotype breeding program to reduce self-shading in the canopy (Peng et al., 2008). 
Translating the idea of better light distribution suggests that εc can be improved in canopies with 
dark green planar leaves that often saturate at less than full sunlight and do not allow light to 
reach lower in the canopy. 
Multiple regression analyses indicated that St and T accounted for a greater proportion of 
the variation in εc in most food crops that were otherwise classified as experiencing “optimal” 
growth conditions. Negative correlations of εc with St reinforced the fact that greater available 
light than can be used decreases εc (Sinclair and Muchow, 1999; Slattery et al., 2013). Rather 
than lowering St, which ultimately depresses yield potential due to less overall energy available 
to the crop, using strategies such as altered pigment concentrations or canopy architecture can 
optimize light use and decrease wasted incident radiation in canopies with high leaf area indices 
(Long et al., 2006; Drewry et al., 2014). As temperatures continue to rise with predicted changes 
in climate, most likely all food crops will begin to suffer decreases in εc. Even in peanut, a crop 
where increased T was positively correlated with εc in this analysis, recent studies have found 
that expected increases in T will result in decreases in photosynthesis that will not be alleviated 
by elevated [CO2] (Prasad et al., 2003). A similar result was found in soybean grown in the field 
under elevated [CO2] and elevated T where elevated [CO2] had little effect on photosynthesis 
when T reached above optimal (Ruiz-Vera et al., 2013).  
Trends in εc demonstrate that breeding and biotechnology have not necessarily selected 
for increasing εc as a high priority, leaving room for improvement in this key factor of yield 
potential. Positive correlation of εc with YOR was limited across food crops and only 
demonstrated a relatively high rate of increase (2.2% non-compounding) in sorghum and <0.6% 
in the rest of the crops. These rates suggest that genetic advancements to present are not enough 
to double εc by the middle of the century without intensive breeding practices or transgenic 
intervention, and the environmental stresses predicted to intensify due to climate change will 
further inhibit rates of gain in εc. Additionally, current work to increase yields may be making 
crops more susceptible to detrimental climate change effects. Breeding for greater yields has 
resulted in greater sensitivity to the environment in maize (Lobell et al., 2014) and soybean 
(Koester et al., 2014; Rincker et al., 2014). It is also more difficult for newer high yielding 
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cultivars of wheat to realize maximum yields in the field as T stress becomes more common 
(Gourdji et al., 2013). Targets for improving εc have already been identified and reviewed 
(Amthor, 2010, Zhu et al., 2010; Parry et al., 2011; Raines, 2011; Ainsworth et al., 2012; 
Reynolds et al., 2012). This study emphasizes the importance of improving canopy light 
distribution in addition to greater tolerance to increased temperature to increase genetic gains and 
limit detrimental environmental effects on εc.  
 
Conclusions 
While εc has received extensive attention over the past decades, this research reinforces that εc is 
still well below the theoretical maximum in most food crops and increasing at less than needed 
rates. C4 bioenergy crops demonstrate greater εc and therefore potential targets that can be 
applied to food crop breeding strategies for improving future yields. Primary targets for 
improving εc should focus on improving canopy light distribution while also improving tolerance 
to elevated temperature in order to increase εc and therefore improve yield potential. 
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TABLES AND FIGURES 
Table 3.1. Important food and C4 biofuel crop species used in εc analyses. Species further divided into genetic components are 
indicated. Biomass energy content for vegetative and reproductive stages used for converting εc values to energy units are indicated 
for each crop. 
Species Common 
name 
Type Food or 
energy 
crop 
Groups by cultivar, species, or 
hybrid 
Energy content  
(MJ kg-1) 
     V V+R 
Zea mays Maize C4 Both
1 - 17.0a 17.0a 
Sorghum bicolor Sorghum C4 Both
1 Energy/biomass/forage 
Grain 
17.6b 17.2b 
Oryza sativa Rice C3 Food New hybrids 
Indica 
Japonica 
Basmati 
15.1a 15.9a 
Triticum aestivum Wheat C3 Food Spring 
Winter 
17.0a 16.6a 
Hordeum vulgare Barley C3 Food - 16.1c 15.6e 
Arachis hypogaea Peanut C3 Food - 17.9a 23.3a 
Glycine max Soybean C3 Food - 18.1b 19.1b 
Cicer arietinum Chickpea C3 Food - 17.9a 18.6a 
Cajanus cajan Pigeonpea C3 Food - 17.9a 18.4a 
Panicum virgatum Switchgrass C4 Energy - 17.4c 17.4c 
Saccharum spp Sugarcane C4 Energy - 17.4d 17.4d 
Miscanthus spp Miscanthus C4 Energy Miscanthus X Giganteus 
M. sinensis 
18.5c 18.5c 
a) Penning de Vries et al., 1989; b) Amthor et al., 1994; c) McKendry, 2002; d) Botha, 2009; e) Sinha et al., 1982. 
1Maize studies completely overlapped from food to energy analyses. Sorghum food and energy cultivars were separated and analyzed 
in the respective analyses.
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Table 3.2. Numerical data from mean εc analyses in major food crops. Species, common name, 
photosynthetic type, and any groups or specifications within species are indicated. εc means and 
standard error (se) intervals are reported along with sample size (n) for each species and group 
within species. 
Species Common 
name 
Type Groups by 
cultivar, species, 
or hybrid 
Mean 
εc 
se n 
Zea mays Maize C4 - 0.0488 0.001 194 
Sorghum bicolor Sorghum C4 Grain type only 0.0453 0.002 44 
Oryza sativa Rice C3 - 0.0399 0.001 132 
   New hybrids 0.0472 0.002 29 
   indica 0.0442 0.002 25 
   japonica 0.0388 0.002 57 
   Basmati 0.0273 0.003 21 
Triticum aestivum Wheat C3 - 0.0378 0.001 242 
   Spring 0.0352 0.001 105 
   Winter 0.0399 0.001 137 
Hordeum vulgare Barley C3 - 0.0364 0.002 49 
Arachis hypogaea Peanut C3 - 0.0346 0.002 60 
Glycine max Soybean C3 - 0.0278 0.001 159 
Cicer arietinum Chickpea C3 - 0.0283 0.002 52 
Cajanus cajan Pigeonpea C3 - 0.0280 0.002 40 
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Table 3.3. Numerical data from mean εc analyses in C4 bioenergy crops. Species, common name, 
photosynthetic type, and any groups or specifications within species are indicated. εc means and 
standard error (se) intervals are reported along with sample size (n) for each species and group 
within species. 
Species Common 
name 
Type Groups by 
cultivar, species, 
or hybrid 
Mean 
εc 
se n 
Zea mays Maize C4 - 0.0488 0.001 194 
Sorghum bicolor Sorghum C4 Energy, biomass, 
forage 
0.0702 0.005 12 
Panicum 
virgatum 
Switchgrass C4 - 0.0618 0.003 26 
Saccharum spp Sugarcane C4 - 0.0581 0.003 22 
Miscanthus spp Miscanthus C4 Miscanthus X 
Giganteus 
0.0503 0.004 20 
   M. sinensis 0.0279 0.004 16 
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Table 3.4. Stepwise multiple regression analyses of εc on year of release (YOR), mean annual 
CO2 concentration ([CO2]) during the measurement period, mean growing season temperature 
(T), and available solar radiation during the growing season (St) in six major food crops. Water 
available as precipitation and irrigation (H2O) was included when sample size changed by less 
than 10% after including it in the analyses. Coefficients are reported from the final step. 
 Model 
 Step Variable Coefficient 
(10-3) 
R2 F Prob >F 
       
Peanut 1 T 0.533 0.22 14.5 0.0004 
(n=55) 2 YOR 0.141 0.30 11.2 <0.0001 
 3 St -0.00291 0.35 9.30 <0.0001 
       
Soybean 1 St -0.0112 0.26 43.8 <0.0001 
(n=139) 2 [CO2] 0.121 0.37 21.8 <0.0001 
 3 T -0.673 0.46 21.1 <0.0001 
       
Rice 1 St -0.00912 0.61 182 <0.0001 
(n=120) 2 T -1.03 0.67 21.0 <0.0001 
       
New Hybrids 1 T -1.07 0.20 3.83 0.0692 
(n=17)       
       
Indica 1 T -1.38 0.28 8.39 0.0084 
(n=24) 2 [CO2] -0.621 0.35 2.44 0.1329 
 3 St -0.0167 0.49 5.21 0.0336 
       
Japonica 1 St -0.00716 0.45 44.35 <0.0001 
(n=57)       
       
Basmati 1 St -0.0370 0.74 55.05 <0.0001 
(n=21) 2 T -0.979 0.82 7.95 0.0114 
       
Wheat 1 T -0.755 0.09 16.8 <0.0001 
(n=182) 2 YOR 0.155 0.10 3.66 0.0574 
 3 [CO2] -0.228 0.12 2.52 0.1139 
 4 St -0.00431 0.14 3.81 0.0525 
       
Spring 1 T -1.63 0.05 5.16 0.0252 
(n=105)       
       
Winter 1 [CO2] -0.623 0.10 8.63 0.0044 
(n=77) 2 YOR 0.236 0.17 6.44 0.0133 
 3 St -0.00637 0.21 3.45 0.0672 
 4 T 0.602 0.24 2.74 0.1020 
       
43 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3.4 (cont.)       
 Model 
 Step Variable Coefficient 
(10-3) 
R2 F Prob >F 
Sorghum 1 St -0.0148 0.12 3.69 0.0658 
(n=28) 2 YOR 0.984 0.33 7.67 0.0104 
       
Maize 1 YOR 0.288 0.03 5.71 0.0180 
(n=165) 2 T 0.378 0.05 3.07 0.0815 
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Table 3.5. Summary of past, present, and future εc means in major crops and subgroups. The 
slope from multiple regression analyses on YOR when YOR was included in the model was used 
to adjust the εc mean from the past century to the current εc status in 2014, the year in which εc 
will double from 2014 estimates, and the year in which εc will reach the theoretical maximum. 
Future estimates were not estimated for crops or subgroups with negative regression coefficients. 
Coefficients in bold indicate significant coefficients. 
Crop Subgroup 
YOR slope 
(year-1 x10-3) 
εc 
mean 
Year of 
mean εc 
Year of 
doubling 
Year of 
maximum 
Maize - 0.288 0.0488 1998 2167 2256 
Sorghum - 0.984 0.0453 2003 2049 2082 
Wheat - 0.155 0.0378 1999 2243 2362 
 Winter 0.236 0.0399 1999 2168 2228 
Peanut - 0.141 0.0346 1994 2239 2429 
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Figure 3.1. Calculated εc means in nine major food crops. Crops are organized by C4, C3 non-
legume, and C3 legume categories. Sample size is shown on the right axis. Error bars represent 
the standard error. Different letters represent differences between crop means at alpha = 0.1.  
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Figure 3.2. Calculated εc means for categories within rice (upper panel) and wheat (lower panel). 
Sample size is shown on the right axis. Error bars represent the standard error. Different 
uppercase letters represent differences between rice group means and different lowercase letters 
represent differences between wheat group means at alpha = 0.1. 
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Figure 3.3. Calculated εc means in major C4 biofuel crops. Sample size is shown on the right 
axis. Error bars represent the standard error. Different letters represent differences between crop 
means at alpha = 0.1.  
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CHAPTER 4 
Reductions in chlorophyll content improve photosynthesis and light use efficiency at the 
leaf but not canopy level 
Abstract 
At less than one half of its theoretical maximum in most plants, the conversion efficiency of 
absorbed radiation into biomass (εc) is a major limitation to yield potential (Yp). Reducing 
chlorophyll (chl) content has been suggested as a strategy to improve εc and therefore yield in 
dense monoculture crops by creating a more even light distribution within the canopy. Secondary 
effects of reducing chl, such as reduced leaf temperature (Tleaf) and increased water use 
efficiency (WUE), may also occur. The effects of reduced chl on leaf and canopy processes were 
studied in chl-b deficient soybean mutants during the 2012 and 2013 growing seasons. A narrow 
row spacing treatment was added in 2013 to facilitate earlier canopy closure and amplify any 
possible benefits of reduced chl. Leaf absorption decreased by 15-20% in the mutants despite 40-
60% reductions in chl content as optical path length increased with lower chl content. Light use 
efficiency at the leaf level was greatest and surpassed WT light use efficiency when chl content 
was only 30 % of WT, but efficiency and photoprotective capacity declined rapidly when chl 
content was below 20 % of WT. Although Tleaf was lower in the mutants as expected, mutant 
WUE was unexpectedly lower than the WT due to significantly greater stomatal conductance in 
the mutants. Canopy level εc was not significantly different across genotypes. However, seed 
yield was greater in WT compared to the mutants in all experiments. Pleiotropic effects of the 
mutations, such as decreased WUE and therefore greater susceptibility to drought conditions, 
may be masking any benefits of reduced chl at the canopy level and therefore warrant further 
investigation into more strategic approaches to reducing chl in crops. 
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Introduction 
Increasing the yield potential of important agronomic crops is imperative for meeting production 
needs. Yield potential (Yp) is the maximum possible yield for a given crop in the absence of 
biotic and abiotic stresses (Evans and Fischer, 1993), but as radiation, water, nutrients, etc. 
become limiting, actual yields decrease, resulting in a yield gap (Lobell et al., 2009). Yp for a 
given crop during a growing season is the product of several components: incident solar radiation 
across the growing season (St), proportion of St that is photosynthetically active radiation (PAR; 
estimated to be 0.487), radiation interception efficiency (εi), conversion efficiency of intercepted 
radiation into biomass (εc), and partition efficiency of biomass into harvestable product (εp; 
modified from Monteith, 1977). St and the proportion that is PAR vary but are largely 
predetermined by growing season length and location (Monteith, 1965, 1972). Of the three 
efficiencies, plant breeders have already pushed εi and εp near their theoretical upper limit in 
major crops (Evans, 1993; Hay, 1995; Sinclair, 1998). Breeding in soybean has resulted in an ε i 
of approximately 0.90 and εp of 0.60 (Dermody et al., 2008) and has left little room for 
improvement in these parameters (Zhu et al., 2010). However, εc is currently below the 
theoretical maxima for C3 (0.094) and C4 (0.123) crop canopies and therefore limits yield 
potential (Zhu et al., 2008, 2010), especially in soybean where εc is estimated at less than a third 
of the C3 theoretical potential (0.028; Figure 3.1).  
Reducing leaf chlorophyll (chl) content has been proposed to improve εc in crop canopies 
by distributing light more proportionately throughout leaf layers (Ort et al., 2011; Zhu et al., 
2010). At normal chl levels, soybean leaves absorb approximately 85-90% of incident PAR, 
creating an uneven light distribution in the canopy where a small fraction of leaves in the upper 
canopy absorb the majority of incoming radiation. At approximately 25% of full sunlight, the 
linear relationship between absorbed quanta and leaf photosynthesis (A) begins to plateau in 
soybean as light in excess of photosynthetic capacity is wasted through heat dissipation (Ort, 
2001). At full sun, leaves in the lower canopy receive approximately half the light needed to 
saturate photosynthesis and are therefore light limited (Long et al., 2006). Decreasing leaf 
absorbance (leafabs) through reduced chl content could promote a more equal light distribution 
among levels of a crop canopy, stimulating A in both sun and shade leaves and therefore 
improving canopy A, εc, and yields. Experimental evidence supporting this has been found with 
increased light penetration and improved solar energy conversion efficiency in mass cultures of 
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truncated light antennae (tla) green algae mutants (Melis 1999; Polle et al., 2002; Mitra and 
Melis, 2008), which ultimately led to increased hydrogen production (Kosourov et al., 2011).  
Decreasing chl content could also have secondary effects on the canopy, such as 
increased water use efficiency. Reduced light absorption at the top of the canopy could alter the 
energy balance by increasing albedo, which would decrease leaf temperature (Tleaf) in the upper 
canopy. During times of supra-optimal temperatures, this should increase A by mitigating 
negative heat stress effects (Ainsworth and Ort, 2010). Moreover, this may also decrease the 
need for evaporative cooling, therefore decreasing stomatal conductance (gs) and increasing 
water use efficiency (WUE), the latter of which was seen in alfalfa with reduced chl content 
(Estill et al., 1991). Greater light availability with depth in the canopy would also increase WUE 
by facilitating photosynthesis in deeper layers where humidity is higher and therefore vapor 
pressure deficit is lower (Drewry et al., 2014; Ort and Long, 2014) 
As the world’s third most economically important commodity crop (FAO, 2012), 
soybean (Glycine max Merr.) develops a dense canopy with a LAI often greater than six, which 
makes it an ideal crop for testing the effects of reduced chl content on εc. Moreover, positive 
effects of reduced chl have been reported in past studies on soybean at the canopy level. A field 
experiment by Pettigrew et al. (1989) found greater canopy A in two chl b-deficient mutants, 
Y11y11 and y9y9, compared to the nearly isogenic “Clark” wild type (WT) throughout the 
growing season. Seed yield of Y11y11 was also greater than WT, although this was not 
statistically tested (Pettigrew et al., 1989). In another field experiment, greater seed yield in WT 
compared to Y11y11 in solitary plants disappeared when both genotypes were grown in normal 
populations (Xu et al., 1993), suggesting that the benefits of reduced chl may be more apparent 
in denser canopies. 
Measurements at the leaf level in these same mutants have yielded conflicting results. 
One study reported lower rates of A in Y11y11 vs WT, but the difference varied across 
development and chl content in the mutant (Xu et al., 1993). Whereas lowered susceptibility to 
photoinhibition might be expected to accompany reduced chl levels, some studies suggest a 
greater level of photoinhibition in chl-deficient mutants and associate this with 
disproportionately reduced chl b versus chl a (Xu et al., 1993, Leverenz et al., 1992). Greater chl 
a:b ratios in Y11y11 and y9y9 are accompanied by greatly reduced photosystem II (PSII) 
associated light harvesting complexes (LHCII) and to some extent photosystem I (PSI) 
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associated light harvesting complexes (LHCI; Ghirardi and Melis, 1988). The truncation of 
LHCII and the resulting imbalance in chl a:b may therefore affect leaf photosynthetic efficiency 
in low light by lowering connectivity among PSII centers (Allen and Forsberg, 2001). Since 
dissipation of excess light energy as heat involves PSII and LHCII (Ort, 2001), there could also 
be an effect of reduced LHCII on photoprotective capacity. The lack of chl b and its stabilization 
effects on LHCII have also been hypothesized to cause a respiratory drag (Zhu et al., 2010). In 
terms of leaf energy balance, reduced Tleaf has also been reported in Y11y11, but the effects on gs 
varied (Xu et al., 1993), whereas gs was greater in y9y9 compared to WT regardless of water 
stress (Luquez et al., 1997).  
Improving canopy light distribution and light use efficiency at the leaf and canopy level 
by reducing chl content has been proposed as a possible means to increase yields (Ort et al., 
2011). While conflicting evidence exists on the effects of reduced chl, comprehensive studies at 
both leaf and canopy scales in the same experiment have not yet been conducted. Therefore, light 
green soybean mutants were grown in the field over two climatically very different growing 
seasons, one of which implemented a row spacing treatment, to test the effects of reduced chl 
content on leaf and canopy photosynthetic properties. If chl content is indeed too great in 
soybean, then chl deficient mutants are hypothesized to 1) absorb less light in sun leaves, 
resulting in decreased leaf and canopy temperature, improved WUE, lower levels of 
photoprotection, and therefore greater photosynthetic rates and efficiency at the top of the 
canopy, 2) transmit more radiation to the shaded leaves, leading to greater light availability and 
greater carbon assimilation contributions in the lower canopy, and 3) experience greater canopy 
A, εc, and seed yield due to increased A in sun and shade leaves. Although chl reductions 
improved leaf photosynthetic light use efficiency in high light, benefits at the canopy scale were 
less evident and overall yields did not increase, which may in part be due to pleiotropic effects of 
these mutations that cause chl b deficiency.   
 
Materials and methods  
Site description 
Field experiments were conducted at the SoyFACE facility at the University of Illinois at 
Urbana-Champaign (40º02’N, 88º14’W, 228 m above sea level) during the 2012 and 2013 
growing seasons. The soil was characterized as a deep and fertile Flanagan (fine, 
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montomorillonitic, mesic aquiz Argiudoll) with some low-lying blocks of Drummer [typic 
Haplaquoll; Rogers et al., 2004)].  The site maintained a yearly corn-soy rotation, and no 
nitrogen fertilizer was added prior to soybean planting in accordance with standard regional 
practices. 
The experimental design consisted of a randomized complete block design with three 
replicates. Wild type soybean cultivar “Clark” (WT) and two nearly isogenic chl-deficient 
mutants, Y11y11 and y9y9, were grown in 2012. Only WT and Y11y11 were grown in 2013. 
Plots consisted of 16-2.74 m rows running north-south with a row spacing of 0.38 m. Planting 
density was 30 plants m-2. In 2013, a row spacing treatment was introduced by replicating the 
same design with 0.19 m between rows and keeping plant density at 30 plants m-2. Planting in 
2012 occurred on 16 May, and harvest occurred on 17 October (DOY 137-291).  In 2013, seeds 
were sown on 8 June and harvested on 11 October (DOY 159-285). 
 
Gas exchange measurements 
All gas exchange measurements were conducted with open gas exchange systems equipped with 
leaf chamber fluorimeters (LI-6400, LI-COR, Lincoln, NE, USA). Diurnal gas exchange 
measurements (5-6 time points at 2h intervals throughout the day) were conducted six times 
during the 2012 growing season and five times during 2013. Diurnal measurements were always 
conducted on sun leaves, the youngest fully expanded leaves exposed to full sunlight throughout 
the day. Shaded leaves were designated as 3-4 nodes below the sun leaf on the same plant and 
were only measured immediately following canopy closure in 2012 (DOY 190). Chamber 
conditions were set to ambient photosynthetic photon flux density (PPFD; µmol m-2 s-1) and 60-
70% relative humidity. Ambient light levels in the lower canopy were determined using a 1 m 
long line sensor (LI-191, LI-COR, Lincoln, NE, USA) inserted into the canopy at measurement 
height. Block temperature of the gas exchange system was set to ambient air temperature, and 
reference CO2 concentration [CO2] was set to 400 ppm. Dark adapted minimal fluorescence (Fo) 
and maximal fluorescence (Fm) were measured pre-dawn on DOY 190 in 2012 on both sun and 
shade leaves, and light adapted steady state fluorescence (Fs’), minimal fluorescence (Fo’), and 
maximal fluorescence (Fm’) were measured on each leaf during daytime measurements according 
to Baker (2008). The operating efficiency of PSII (ϕPSII) was calculated as (Fm’-Fs)/Fm’, the 
maximum efficiency of PSII (Fv’/Fm’) in the light was calculated as (Fm’-Fo’)/Fm’, and non-
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photochemical quenching (NPQ) was calculated as (Fm-Fm’)/Fm’. The daily integral of A (A’) 
was determined using the trapezoidal method (Rogers et al., 2004). gs for each day was 
calculated as the daily mean, and instantaneous water use efficiency (iWUE; calculated as A/gs 
for each point measurement) was also reported as the mean for each DOY.  
Photosynthetic [CO2] response (A/Ci) curves were conducted every two weeks 
throughout the 2012 growing season and during the V5, R1/R2, and R5 developmental stages in 
2013. Measurements were conducted each time on sun leaves, and shade leaves were also 
measured in 2013 after the canopy had closed. Maximum carboxylation rates of Rubisco (Vc,max), 
maximum electron transport rates (Jmax) and the intercellular [CO2] at the inflection point 
between Rubisco and RuBP limited A (Ci,inflection) were determined according to Long and 
Bernacchi (2003). Photosynthetic light response (A/Q) curves were conducted on sun leaves in 
the field at midday during the V5 developmental stage in 2012 and during the V5, R1/R2, and 
R5 developmental stages in 2013. Shade leaf A/Q measurements were only conducted during 
reproductive stages of 2013. Pre-dawn dark adapted values of Fo and Fm were measured the same 
day and used for chl fluorescence parameter calculations as above. Maximum rate of 
photosynthesis (Asat) was determined by fitting a non-rectangular curve to the data (SigmaPlot, 
Systat Software Inc, San Jose, CA, USA). Maximum quantum efficiency (ϕCO2) was determined 
as the slope of the linear fit of A vs absorbed PPFD at low light (Proc Reg; SAS 9.4, SAS 
Institute, Cary, NC, USA). 
Dark respiration was measured 1-3 hours after dusk using a LI-6400 equipped with a 
specially designed leaf chamber (Gillespie et al. 2012) at the three developmental stages in 2013 
on sun and shade leaves as described above. After measurements, leaves were detached and leaf 
area was measured using a leaf area meter (LI-3100, LI-COR, Lincoln, NE, USA) in order to 
calculate respiration rates on a leaf area basis.  
Canopy A was measured midday using a portable chamber several times during 2013. A 
chamber (91.4 cm X 102 cm base X 137 cm height) with clear plastic siding was equipped with 
mixing fans and a rubber gasket on the bottom edge. An open path infrared gas analyzer (LI-
7500, LI-COR, Lincoln, NE, USA) was supported at canopy height within the chamber and was 
connected to a data logger outside of the chamber. Aluminum frames were inserted into the soil 
in the area of measurement at least one day before measurements. CO2 drawdown was measured 
on two rows within one minute of lowering the chamber onto the canopy to minimize any 
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microclimate effects. Soil respiration was measured using an infrared gas analyzer equipped with 
a soil CO2 flux chamber (LI-6400-09, LI-COR, Lincoln, NE, USA) in two locations within the 
measured area within one hour prior to or immediately following the chamber measurements to 
account for any changes in CO2 concentrations within the chamber due to soil CO2 flux. One row 
from within the chamber area was used for biomass harvests (see below) and total leaf area 
within the chamber was estimated from those measurements. Canopy CO2 assimilation rates 
were calculated after accounting for soil respiration rates and adjusted to a leaf area basis. 
 
Sampling and biomass harvests 
Leaf disks 1 cm in diameter were taken at midday during each diurnal to determine chl content 
and chl a:b ratios using the methods of Lichtenthaler (1987) and Porra et al. (1989). Leaf disks of 
2 cm diameter were dried and weighed to determine specific leaf weight (SLW). The same tissue 
was then ground and analyzed for leaf nitrogen (N) concentrations using an elemental analyzer 
(2400 Series II CHNS/O Analyzer, Perkin Elmer, Waltham, MA, USA) with acetanilide 
standards.  
Leafabs was measured during the three developmental stages of 2013 using an integrating 
sphere (Spectroclip-JAZ-TR, Ocean Optics, Duiven, The Netherlands). The percent of light 
absorbed was calculated as incident radiation corrected for transmitted and reflected radiation. 
Since leafabs was not measured in 2012, the relationship between chl content and leafabs from 
2013 (not shown) was used to estimate leafabs from measured chl content at the time of A/Q 
measurements in 2012 in order to base ϕCO2 on absorbed PPFD. 
Aboveground biomass harvests were conducted every 10-14 days each season by 
harvesting 1 m of row in each plot at soil height, avoiding edges or previous harvest locations. 
Plant height was measured on three of the plants, and the number of plants per meter of row was 
recorded.  Internode distance was measured on two plants per plot of WT and Y11y11 harvested 
during R5 in 2012. Leaf area was determined for five plants in each plot using a leaf area meter 
(LI-3100, LI-COR, Lincoln, NE, USA) and corrected for plant density to determine leaf area 
index (LAI).  Stems, leaves, and pods were then separated and dried at 65-70 ºC for three days to 
determine dry weights. Stem and leaf dry weights were converted to MJ of energy per land area 
using the energy contents from Amthor et al. (1994). Pod energy at various reproductive stages 
was determined in 2013 using a bomb calorimeter with a benzoic standard (Model 1261, Parr 
55 
 
Instrument, Moline, IL, USA). This was used to convert pod mass to pod energy on a land area 
basis for each reproductive stage after pod initiation in both 2012 and 2013.  
 
εi, εc, εp, and yield 
εi was determined as the fraction of available PAR that was absorbed (APAR) by the canopy 
during the season. APAR was calculated as APAR=Io-(It+Ir) where It (transmitted PAR measured 
at soil level using a line sensor) and Ir (reflected PAR measured with an inverted quantum sensor 
above the canopy) are subtracted from Io (incident PAR measured above the canopy with an 
upright quantum sensor). All data was collected using line (model SQ-311) and quantum (model 
SQ-110) sensors (Apogee Instruments, Logan, UT, USA) that had been calibrated with a high 
precision line sensor (LI-190, LI-COR, Lincoln, NE, USA) at the beginning of the season. All 
data were logged using a datalogger (CR3000, Campbell Scientific, Logan, UT, USA). 
Measurements began on DOY 178 in 2012 and DOY 189 in 2013. The energy conversion 
efficiency (εc) was determined as the slope of accumulated aboveground biomass energy 
regressed upon accumulated APAR from early vegetative stages to the end of podfill. εp was 
determined as the ratio of seed energy: total aboveground plant energy at harvest maturity. Yield 
was determined by harvesting and threshing seeds from pods in four complete rows per plot in 
each experiment.  
 
Statistical analyses 
Statistical analyses were conducted on the plot means using a mixed model ANOVA (Proc 
Mixed, SAS 9.4; SAS Institute, Cary, NC, USA) with genotype, time of day, and day of year 
considered fixed effects and block and block by genotype effects considered random. Chl 
content, chl a:b, SLW, leaf N, A’, mean daily gs, iWUE, Tleaf, leafabs, Vc,max, Jmax, and Ci,inflection 
were analyzed as repeated measures with DOY as the repeated factor. Least squared means are 
reported and shown in figures with the associated standard errors. εc regressions and comparisons 
were performed in Proc Reg (SAS 9.4; SAS Institute, Cary, NC, USA) on pooled plot data 
points. To reduce the probability of type II errors, an alpha of 0.1 was used to determine 
significance. 
 
Results  
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Weather and leaf properties 
Weather conditions differed greatly between 2012 and 2013 growing seasons.  
The 2012 growing season was approximately one degree C warmer on average compared to 
2013 (Table I; Figure 4.1AB). A severe drought occurred from early to mid-season in 2012 
(Figure 4.1C) but overall precipitation was almost double that of 2013 (Table 4.1). Substantially 
more rain fell early in the 2013 season, but drought conditions occurred later (Figure 4.1D). 
Total incident St was 30% lower during 2013 as compared to 2012 (Figure 4.1EF; Table 4.1) and 
was slightly greater in the narrow row spacing compared to wide row spacing in 2013 due to 
reaching maturity on different dates (Table 4.1). 
 
Chl content and a/b ratios were significantly different in the mutants compared to WT, but leafabs 
was reduced to a lesser extent.  
Chl content was significantly affected by genotype, DOY, and the genotype by DOY interaction 
in both years (Table 4.2). Mean chl content was significantly reduced by approximately 45-60% 
in Y11y11 and y9y9 across 2012 (Table 4.3; Figure 4.2A). However, early season chl contents in 
2012 ranged from 30% of the WT in Y11y11 and 13% of the WT in y9y9 (Figure 4.2A). 
Throughout 2013, Y11y11 chl content was reduced on average by 57% (Table 4.3; Figure 4.2B). 
Chl content in both Y11y11 and WT increased at the end of the 2013 season (Figure 4.2B). Chl 
a:b ratios were significantly affected by genotype by DOY interactions in 2012, but only main 
effects were significant in 2013 (Table 4.2). In both seasons the mutant chl a:b ratios were 
usually greater than WT ratios (Table 4.3; Figure 4.2C,D), but the differences decreased as the 
2012 season progressed (figure 4.2C) whereas the ratios were consistent in both Y11y11 and WT 
in 2013 (Figure 4.2D). Total carotenoid content was significantly reduced by >30% in Y11y11 
and >40% in y9y9 compared to WT (Table 4.2, 4.3). Leafabs of visible light wavelengths in 2013 
was 16.6% lower on average in Y11y11 compared to WT in sun leaves (Figure 4.3; Table 4.2, 
4.3). Leafabs was lowest for both genotypes during V5 but increased with development (Figure 
4.3). Leafabs also increased with depth in the canopy except for the bottom layer of the Y11y11 
canopy in R5 (Figure 4.3). 
 
Leaf-level gas exchange and fluorescence 
Diurnal measurements indicated similar photosynthetic capacity but lower iWUE in chl deficient 
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mutant sun leaves.  
Diurnal measurements were used to calculate the daily integrals of photosynthesis (A’), which 
was significantly affected by genotype by DOY interactions both years (Table 4.2) due to 
significantly lower A’ in y9y9 on DOY 178 in 2012 and significant differences between WT and 
Y11y11 on DOY 193 and DOY 246 of 2013 (Table 4.3; Figure 4.4AB). However, all other days 
indicated similar A’ in all genotypes (Figure 4.4AB). gs and iWUE were also significantly 
affected by the interaction effect (Table 4.2), but contrary to expectations, gs was approximately 
20-30% greater in the mutants across both seasons (Table 4.3; Figure 4.4CD), causing generally 
greater iWUE in WT across both seasons (Table 4.3; Figure 4.4EF). Tleaf was significantly 
affected by all effects in 2012 and main effects in 2013 (Table 4.2). WT Tleaf was usually greater 
than mutant Tleaf in both seasons (Table 4.3; Figure 4.4GH). The different growing conditions 
across years were evident in greater gs in all genotypes in 2013 (Figure 4.4D), which decreased 
overall iWUE in 2013 (Figure 4.4F) compared to 2012 (Figure 4.4E).  
 
Shade leaf A in chl def mutants was unaffected by increases in light availability.  
Diurnal photosynthetic rates in lower canopy leaves did not significantly differ across genotypes 
(p=0.24; Table 4.2). Despite greater ambient light availability in lower mutant canopies (Figure 
4.5A), mutant shade leaf photosynthetic rates were not significantly greater than WT (Table 4.3; 
Figure 4.5C). However, based on the chl versus leafabs relationship from 2013, leafabs was 15% 
lower in Y11y11 shade leaves compared to WT and resulted in a similar amount of photons 
absorbed in both genotypes (Figure 4.5B). 
 
Y11y11 sun leaves demonstrate greater light use efficiency at high light early in the season and 
similar quantum efficiency at low light.  
Genotype main effects on Asat in sun leaves were significant for both years (Table 4.2). Y11y11 
sun leaves demonstrated the greatest Asat early in 2012, and y9y9 Asat was the lowest (Table 4.3, 
4.4).  In 2013, WT Asat was greater than in Y11y11 in all stages, and the difference was 
significant during R1/R2 (Table 4.3, 4.4). Y11y11 reached Asat with less absorbed light during 
the V5 stage of both seasons, demonstrating greater light use efficiency at high light (Figure 4.6). 
In low light, quantum efficiency (ϕCO2) never significantly differed between WT and Y11y11 in 
sun or shade leaves (Table 4.2, 4.3), but y9y9 sun leaf ϕCO2 was significantly impaired early in 
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the 2012 season compared to WT and Y11y11 (Table 4.2, 4.3; Figure 4.6).  
 
Photosynthetic operating efficiency (ϕPSII) and maximum efficiency of PSII (Fv’/Fm’) varied 
with chl content and developmental stage.  
In 2012 there was lower ϕPSII in y9y9 and slightly greater ϕPSII in Y11y11 sun leaves compared 
to WT (Figure 4.6). While Fv’/Fm’ and NPQ were similar in Y11y11 and WT, y9y9 NPQ was 
substantially lower than the other two genotypes (Figure 4.6). ϕPSII in Y11y11 was similar to 
WT during V5 but lower in reproductive stages (Figure 4.6). Y11y11 shade leaves demonstrated 
an even greater reduction in ϕPSII at high light in both reproductive stages (Figure 4.7). Except 
for V5 in 2013 when Fv’/Fm’ was greater in Y11y11 at high light, Fv’/Fm’ was similar in Y11y11 
compared to WT in sun leaves and lower in Y11y11 shade leaves (Figure 4.6, 4.7). Y11y11 NPQ 
levels were sometimes greater than WT, especially in shade leaves (Figure 4.7). 
 
Severe chl reductions affected the limitations of leaf A.  
Within sun leaf analyses, all genotypes demonstrated similar carboxylation capacity within DOY 
except for y9y9 on DOY 175 in 2012 (Figure 4.8AB), which corresponded with a drop in A’ 
(Figure 4.4). Jmax was also slightly lower in y9y9 sun leaves on DOY 175 but greater in Y11y11 
sun leaves on DOY 190 in 2012 (Figure 4.8D) and in the R1/R2 developmental stage in 2013 
(Figure 4.8E). Sun leaf Ci,inflection differed in y9y9 compared to WT and Y11y11 both early and 
late in the 2012 season (Figure 4.8G) with no significant effects in 2013 (Table 4.2). Shade leaf 
analyses from 2013 indicated significant genotype effects on Vc,max whereas the genotype by 
DOY interaction marginally affected shade leaf Jmax (Table 4.2). Shaded Vc,max was significantly 
greater in WT during R5 (p<0.01; Figure 4.8C) as was Jmax (p<0.05; Figure 4.8F).  
 
Respiration rates were significantly lower in Y11y11 than WT during 2013 reproductive stages. 
The chl-b deficiency was hypothesized to increase respiration rates due to LHC turnover creating 
a respiratory drag. A significant genotype effect (p<0.01) was evident during 2013 (Table 4.2). 
However, Y11y11 respiration rates were almost 13% lower than WT across the experiment 
(Table 4.3; Fig 4.9A). Respiration rates in WT shade leaves were 12% greater than Y11y11 shade 
leaf respiration rates across stages (Table 4.3), but genotype effects were not significant (Table 
4.2). 
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Canopy level performance and efficiency 
Canopy A was slightly greater on a leaf area basis in Y11y11 compared to WT during the 2013 
season.  
Calculated photosynthetic rates based on CO2 drawdown that accounted for soil respiration rates 
and leaf area within the chamber suggested that Y11y11 canopies had a greater canopy 
photosynthetic rate on a leaf area basis (p=0.41; Figure 4.10). While the differences were not 
statistically resolvable at this sample size, the mean increase over the growing season was 
approximately 10%. This most likely was influenced by greater light penetration into the canopy 
and less light stress in the upper leaves as compared to WT. A significant DOY effect (p<0.0001) 
most likely occurred because average photosynthetic rates on a leaf area basis decreased 
drastically after canopy closure and more leaves became shaded. 
 
Monteith parameters were rarely significant but indicated patterns concerning chl content.  
Genotype main effects were only significant for εi in 2012 (Table 4.5). εi decreased significantly 
in y9y9 compared to WT and Y11y11 (Table 4.6), and non-significant decreases in εi were 
evident in Y11y11 compared to WT in all experiments (Table 4.6). εc was calculated as the slope 
of accumulated biomass on APAR. Biomass was corrected for leaf, stem, and pod energy 
content, the last of which only differed during late R5 and was 1 MJ kg-1 lower during R8 than 
the reported value from Amthor et al. (1994; Table 4.7). εc was not significantly affected by 
genotype in either year or row spacing treatment (Table 4.5), but overall was slightly greater in 
2013 compared to 2012 (Table 4.6). εp was consistently greater in the mutants compared to WT 
in each experiment (Table 4.6) although not significantly (Table 4.5). Canopy stature was 
influenced by chl content with significantly shorter internode distances in Y11y11 compared to 
WT in 2012 (Figure 4.11). 
 
Relationships between realized and calculated potential yields varied across genotypes and 
years.  
Yield was always greater in WT compared to the mutants (Table 4.6) but this was only 
significant in wide row spacing (Table 4.5). Yp was slightly greater in the mutant in narrow row 
spacing, but measured WT yields were still greater than Y11y11 (Table 4.6). Yields were much 
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lower in 2012, during which the gap between Yp and realized yields was greater (Table 4.6). In 
addition, genotype had a significant effect on seed mass per 100 seeds in each season and row 
spacing (Table 4.5) that resulted in a 1-2.5 g reduction in mutant seed weights (Table 4.6).  
 
Discussion 
Reducing chl content in soybean was hypothesized to lead to a more even distribution of light in 
the canopy, resulting in numerous possible benefits at both the leaf and canopy level (Ort et al., 
2011; Zhu et al 2010). Significant reductions in chl content led to decreases in leafabs, albeit 
disproportionately less than the extent of chl reduction. Gas exchange measurements yielded 
similar diurnal photosynthetic rates across genotypes, similar or greater photosynthetic light use 
efficiency in Y11y11 compared to WT in high light, and similar quantum efficiency in low light. 
However, fluorescence parameters suggested negative pleiotropic effects altered the efficiency of 
PSII in the mutants, especially when chl content was severely reduced. Additionally, Tleaf was 
lower in the mutants, but greater gs in Y11y11 and y9y9 led to reduced iWUE. At the canopy 
scale, chl reductions affected Yp through consistent depressions in εi. Moreover, εc was only 
increased in Y11y11 when planted in narrow row spacing, but the effect was not significant. 
Small increases in mutant εp did not offset the other negative effects on Yp. Predicted yields were 
consistently lower in the mutants excepting for the narrow row spacing, but measured yields 
were always lower in the mutants. The lack of increased leaf photosynthesis to greater canopy 
biomass and yields indicates that other effects of decreased chl, such as reduced WUE and 
therefore more rapid soil drying leading to greater susceptibility to water stress or altered canopy 
architecture, may alter the effects of reduced chl on soybean canopies. In addition, benefits of 
reduced chl follow the theory that an optimal chl concentration is needed to see improvements in 
leaf and canopy processes; otherwise, reduced chl can be detrimental to photosynthetic 
efficiency. 
Despite at least 40-50% less chl in the Y11y11 mutant, leafabs only decreased by 
approximately 15-20%. Beer’s law was used to calculate expected leaf absorbance using 
leafabs=εcl and actual absorbance using leafabs = log (Io/I) where ε is the extinction coefficient of 
chl in pigment-protein complexes (2200 m2 (mol chl)-1; Evans and Anderson, 1987), c is the 
concentration of chl (mol m-3), l is the leaf thickness (183 µm in soybean; Thomas and Harvey, 
1983), Io is incident light, and I is transmitted light. The ratio of actual to expected leafabs was 
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0.99 in WT and 1.59 in Y11y11, suggesting that the deviation from Beer’s law is due to a greater 
path length in Y11y11 associated with lower chlorophyll compared to WT. Refraction from cell 
wall-intercellular air space interfaces (the detour effect) increases path length and thereby leads 
to greater light absorbance (Vogelmann, 1993). Spongy mesophyll increases path length to a 
greater extent than palisade mesophyll (Terashima and Saeki, 1983), making it advantageous for 
shade leaves to increase the proportion of spongy mesophyll to absorb all of the limited light 
available in low light environments (DeLucia et al., 1996). Leaf anatomy is altered in albino 
sectors of Arabidopsis, resulting in a greater proportion of spongy-like mesophyll cells (Tan et 
al., 2008). This suggests that the disproportionately small decrease in leafabs in Y11y11 may be 
due to an increase in spongy mesophyll that increases light scattering and therefore light path 
length. These data show that larger reductions in leaf chlorophyll than are found in Y11y11 are 
needed to reduce leafabs by more than 15-20 %.  
Leaf level photosynthesis and photosynthetic light use efficiency were greater in Y11y11 
compared to WT at high light conditions during V5 in both seasons. Improved efficiency, 
evident from reaching Asat with less absorbed light, is an expected result of improved light 
distribution within the leaf. The majority of light absorption occurs in the uppermost chloroplasts 
within the leaf, causing light limitation for lower chloroplasts of fully green leaves even at light 
levels several times over saturation for the uppermost chloroplasts in the leaf (Vogelmann and 
Evans, 2002; Evans and Vogelmann, 2003). This has been shown to create a gradient in A 
(Evans and Vogelmann, 2003) and photoinhibition (Oguichi et al., 2011) that decreases with 
depth in the leaf and limits overall εc of the leaf. Thus, chloroplasts within the leaf behave as 
leaves within a canopy, and decreasing chl content could ameliorate the large disparity of light 
availability in the lower leaf to increase A and increase photosynthetic light use efficiency.  
Improved Asat and light use efficiency in Y11y11 support the hypothesis that optimal chl 
content for leaf photosynthetic efficiency is lower than current chl levels. In this study, the 
greatest increases in leaf level efficiency were evident in Y11y11 during V5 of 2012 when chl 
content was approximately 30% of the WT, but differences were less noticeable as chl content 
increased in the mutant (Figure 4.2). Conversely, when chl content was less than 20% of the WT 
in y9y9 (Figure 4.2) and Y11y11 (Xu et al., 1993), photosynthetic capacity declined greatly 
(Figure 4.4A). In addition, extreme reductions in chl coupled with large reductions in carotenoids 
(>40%; Table 4.3) impaired photoprotective mechanisms (Figure 4.6). Reductions in ϕPSII are 
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often accompanied by decreased Fv’/Fm’ and increased NPQ as end product utilization decreases 
(Baker, 2008). Lowered ϕPSII in y9y9 at high light (Figure 4.6) corresponded with significantly 
reduced Vc,max (Figure 4.8), which would inhibit end product utilization. However, y9y9 NPQ 
increased to a lesser extent than in the WT with light intensity (Figure 4.6). The npq1 
Arabidopsis mutant demonstrates a similar phenomenon and cannot convert violaxanthin to 
zeaxanthin and antheraxanthin (Niyogi et al., 1998), which are needed for effective heat 
dissipation of excess energy (Bilger and Bjӧrkman, 1990; Demmig-Adams et al., 1990; Gilmore 
and Yamamoto, 1993). Thus, these data support a lower threshold to antennae truncation that 
must be considered when lowering pigment concentrations to maintain photosynthetic and 
photoprotective capacity. 
The hypothesis that increased albedo could lower Tleaf in the mutants and lead to 
decreased gs and increased iWUE was not fully supported. Tleaf was generally lower in the 
mutants, but gs was significantly increased, as was reported in y9y9 previously (Luquez et al., 
1997). However, gas exchange on Y11y11 from previous studies did not lead to the same 
conclusion (Xu et al., 1993). In light of a recent study that identified a mutation in the 
magnesium chelatase subunit-I gene (CHLI) as the cause of the light green phenotype of Y11y11 
(Campbell et al., unpublished), the fact that past studies on Y11y11 have not found the same 
increase in gs is surprising since there is evidence of ABA-insensitivity in both CHLI and CHLH 
Arabidopsis thaliana mutants (Tsuzuki et al., 2011; Du et al., 2012) that was independent of chl 
content (Du et al., 2012). Whether the same process is occurring in y9y9 is unknown since the 
mutation has not yet been identified, but the findings suggest that alternative chl down-regulation 
strategies may be necessary to improve WUE in light green canopies. 
At the canopy scale, chl reductions influenced all efficiencies involved in the Yp 
equation. Decreasing chl led to depressions in εi, which was anticipated due to losing light 
through transmission to the soil at low LAI and increased reflection at the top of the canopy. 
Reductions in εi contributed to reductions in yield and Yp by limiting the amount of energy 
captured by the canopy (Table 4.6). An ideal situation for limiting light transmission to the soil 
would consist of normal chl content until a canopy has closed so that any available light that is 
not reflected is absorbed by the canopy (Melis, 2009). This would also prevent weed vigor 
through increased competitiveness, which is the reason why plants are speculated to have higher 
chl content than is needed to maximize photosynthesis (Donald, 1968). As LAI increases, 
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decreasing chl biosynthesis would allow greater transmittance to the lower canopy while 
minimizing wasted incident radiation. However, reducing chl content undoubtedly increases light 
reflection at the top of the canopy, therefore requiring an optimal balance between greater 
transmission while avoiding excessive losses of reflected light. Other pleiotropic effects of the 
chl mutation, such as a shorter, more compact mutant canopy (Figure 4.11) probably increased εp 
but could also influence LAI and light attenuation as a function of depth in the canopy and 
therefore εc. The mutation also caused lower iWUE in the light green soybean. If this 
relationship scales to canopy WUE, it would likely result in greater soil moisture depletion in the 
mutant plots and therefore greater susceptibility to drought.  Drought stress reduces εc (Slattery 
et al., 2013) and was not present when canopy A and yields were greater in Y11y11 compared to 
WT in a previous study (Pettigrew et al., 1989). Greater respiratory drag due to the mutation was 
ruled out by greater respiration rates in the WT (Figure 4.9). 
Chl deficiency was hypothesized to increase yields compared to WT, but the data did not 
support this hypothesis. Yields were lower in the mutants in both years regardless of row spacing 
and predicted Yp. Yield was decreased in the mutants by diminished energy capture in the 
system, as seen with εi, which was not canceled out by any increases in εp or, in the case of 
narrow row spacing of 2013, greater εc, in the mutant. Less energy in the system translates to less 
biomass, which was often greater in WT during reproductive stages (data not shown) that have 
been shown to correlate well with end of season yields (Board and Modali, 2005). A past study 
on Y11y11 and y9y9 has also found a significant difference in seed size (Xu et al., 1993) as was 
evident in both growing seasons. Further analysis is needed to determine whether a direct 
relationship exists between chl content and seed size and yield or if this is also a pleiotropic 
effect of the mutation itself. 
 
Conclusions 
In theory, reducing chl content should have significant effects on leaf and canopy A that will lead 
to greater yield if all else remains the same (Ort et al., 2011). Experiments across two growing 
seasons found that reduced chl benefitted leaf level A and light use efficiency in the mutants in 
high light conditions when chl content was approximately 30% of the WT, but more severe 
reductions in chl (greater than 80 %) correlated with significant decreases in Asat, Vc,max, and Jmax 
and reduced photosynthetic efficiency. However, reducing chl content generally lowered εi and 
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εc and increased εp to an extent that was not large enough to offset the other two parameters. 
Therefore, yield was also lower in the mutants. 
These results suggest that improving leaf A is possible by optimizing chl content, but 
large reductions could negatively affect photosynthetic performance while too minor of a 
reduction will result in insignificant effects. The method of reducing chl content is also of 
importance as pleiotropic effects can accompany less pigment. As seen with greater gs in 
Y11y11, mutations in chl biosynthesis genes affect other processes, leading to leaf and canopy 
implications of pleiotropic effects such as decreased WUE. In addition, as chl declines, increased 
light reflection by the canopy will reduce energy capture by the system, thereby affecting net 
biomass and yields. Taken together, more strategic methods for reducing chl content should 
increase canopy photosynthetic efficiency and yields. 
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TABLES AND FIGURES 
Table 4.1. Meteorological conditions during the 2012 and 2013 soybean growing seasons 
(planting to maturity stage R8) in Champaign, IL. Total precipitation, average maximum (Tmax), 
minimum (Tmin), and mean temperature (Tmean), and total available solar radiation over each 
growing season are indicated along with planting date for each experiment. 
Year 
Row 
Space 
(m) 
Planting 
Date 
Maturity 
Date 
Precipitation 
(mm) 
Tmax 
(°C) 
Tmin 
(°C) 
Tmean 
(°C) 
Solar 
Radiation 
(MJ m-2) 
2012 0.38 16-May 24-Sep 438† 30.1 16.1 23.0 3,067 
2013 0.38 7-Jun 25-Sep 236 28.4 16.3 22.4 2,123 
2013 0.19 8-Jun 8-Oct 272 28.2 15.9 22.0 2,304 
†Precipitation (402 mm) + two irrigations of 18 mm each during mid-July 
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Table 4.2. Analysis of variance results for dark and light green soybean variables from two 
growing seasons and two leaf levels. Main effects were genotype and day of year (DOY). 
Results are reported for variables related to physical leaf properties, diurnal measurements, 
photosynthetic response curves, and respiration rates. Level of significance is indicated with 
ns=non-significant at p>0.1. Dashes indicate effects not measured. 
    2012 2013 
Leaf  Parameter Genotype DOY Genotype*DOY Genotype DOY Genotype*DOY 
Sun Chl content <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.01 
  Chl a:b <0.0001 <0.0001 <0.0001 <0.0001 <0.001 0.10 
 Carotenoids <0.0001 <0.0001 <0.01 <0.0001 <0.0001 <0.05 
 Leafabs - - - <0.0001 <0.0001 <0.05 
  SLW <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 ns 
  Leaf N <0.01 <0.0001 ns <0.05 <0.0001 ns 
  A’ <0.0001 <0.0001 0.0001 ns <0.0001 <0.05 
  gs <0.01 <0.0001 <0.05 <0.0001 <0.0001 <0.01 
  iWUE <0.01 <0.0001 <0.01 <0.0001 <0.0001 <0.001 
 Tleaf <0.0001 <0.0001 <0.01 <0.0001 <0.0001 ns 
  Vcmax ns <0.0001 <0.0001 ns <0.01 ns 
  Jmax 0.09 <0.0001 <0.0001 <0.01 <0.05 ns 
  Ci, inflection ns <0.0001 <0.01 ns 0.010 ns 
  Asat <0.05 - - <0.01 <0.0001 ns 
  ϕCO2 <0.01 - - ns <0.05 ns 
  Rd ns - - <0.01 ns ns 
        
Shade Chl content <0.001 - - <0.01 - - 
  Chl a:b <0.0001 - - 0.09 - - 
 SLW ns - - ns - - 
 Leaf N ns - - ns - - 
  A’ ns - - - - - 
  gs ns - - - - - 
 Vcmax - - - <0.05 <0.05 ns 
 Jmax - - - ns ns 0.07 
 Ci, inflection - - - 0.10 0.09 ns 
 Asat - - - ns <0.05 ns 
 ϕCO2 - - - ns <0.05 ns 
 Rd - - - ns <0.05 ns 
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Table 4.3. Percent change in dark and light green soybean variables from two growing seasons 
and two leaf levels. Changes are reported for growing season mean comparisons in variables 
related to physical leaf properties, diurnal measurements, photosynthetic response curves, and 
respiration rates.  Negative values represent a decrease in the estimate. Significant changes are 
indicated with an asterisk at p<0.1. Dashes indicate effects not measured. 
    2012 2013 
Leaf  Parameter Y11y11 vs WT y9y9 vs WT Y11y11 vs WT 
Sun Chl content -45.4* -59.1* -56.8* 
  Chl a:b 33.9* 49.1* 39.9* 
 Carotenoids -32.5* -40.5* -35.6* 
 Leafabs - - -16.6* 
  SLW -10.2* -19.6* -16.3* 
  Leaf N -9.54* -10.0* -4.88 
  A’ 8.54 -3.61 -0.17 
  gs 18.9* 33.1* 24.1* 
  iWUE -8.73 -23.9* -21.7* 
 Tleaf -1.25 -2.56 -2.01 
  Vcmax 4.50 -3.98 -0.66 
  Jmax 3.11 -2.66 7.21* 
  Ci, inflection -6.06 -3.07 28.2* 
  Asat 43.9* -14.2 -6.31 
  ϕCO2 10.3 -52.9* -4.46 
  Rd - - 12.5* 
     
Shade Chl content -56.6* -81.2* -57.4* 
  Chl a:b 43.7* 96.6* 26.3* 
 SLW -1.06 -7.30 -4.09 
 Leaf N -1.10 -7.26 -5.10 
  A’ 11.4 6.32 - 
  gs 14.9 44.0 - 
 Vcmax - - -20.5 
 Jmax - - -12.6 
 Ci, inflection - - 20.2 
 Asat - - 17.2 
 ϕCO2 - - -1.72 
 Rd - - -11.8 
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Table 4.4. Parameters from photosynthetic light response (A/Q) curves in two growing seasons. 
Parameters were calculated from photosynthesis versus absorbed PPFD. Asat (µmol m
-2 s-1) was 
calculated after fitting the data to a non-rectangular hyberbola. ϕCO2 was the slope of the linear 
portion at low light. A/Q curves were only conducted in vegetative (V5) growth in 2012, whereas 
2013 curves were conducted in V5 and two reproductive stages: flowering (R1/2) and pod-fill 
(R5). Mean square error (MSE) is reported from each ANOVA analysis. Different letters 
represent significant differences at alpha=0.1. 
  
 
2012  2013                                       
Sun  Sun Shade 
Parameter Stage  WT Y11y11 Y9y9  WT Y11y11 WT Y11y11 
          
Asat V5 33.0b 47.5a 28.3b  42.1a 41.0a - - 
 R1/2 - - -  31.6a 28.1b 27.2a 19.1a 
 R5 - - -  29.9a 27.6a 34.5a 35.4a 
 MSE 4.3282  1.3038 4.8766 
ϕCO2 V5 0.068a 0.075a 0.032b  0.075a 0.076a - - 
 R1/2 - - -   0.065a 0.057a 0.065a 0.059a 
 R5 - -  -  0.065a 0.064a 0.080a 0.081a 
 MSE 0.0029   0.0045  0.0056 
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Table 4.5. ANOVA results of genotype effects on canopy parameters across two different years 
and row spacing treatment levels in 2013. Effects of genotype on interception efficiency (εi), 
conversion efficiency (εc), partition efficiency (εp), seed yield, and seed mass are indicated. 
 2012  2013 
 0.38m row space  0.38m row space 0.19m row space 
Parameter F-value P-value  F-value P-value F-value P-value 
εi 8.81 <0.05  4.56 0.17 16.6 0.055 
εc 0.87 0.43  0.47 0.50 0.79 0.38 
εp 2.72 0.18  1.85 0.31 4.40 0.17 
Seed Yield 8.77 <0.05  38.8 <0.05 1.15 0.40 
Seed Mass 2.78 0.18  784 <0.01 9.41 <0.1 
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Table 4.6. Parameter estimates of canopy level processes related to the Monteith equation and yield. Estimates are across two growing 
seasons and two different row spacing treatment levels in 2013. Incident photosynthetically active radiation (PAR) is reported for the 
duration of the measurements. Interception efficiency (εi), conversion efficiency (εc), partition efficiency (εp) are reported along with 
calculated yield potential (Yp) and measured seed yield and mass per 100 seeds. Values within experiments with different letters 
represent significant differences at p<0.1. The values in parentheses represent standard error of the regression slope for εc and mean 
square error from ANOVA analyses in all other parameters. Sample size for determining εc is indicated below the standard errors and 
was n=3 for all other parameters. 
  2012 
0.38 m row space 
 2013  
0.38 m row space 0.19 m row space 
Parameter  WT Y11 Y9  WT Y11  WT Y11 
Incident PAR 
(MJ m-2) 883 883 883  642 642  642 642 
εi 0.868a 
(0.034) 
0.860a 
(0.034) 
0.801b 
(0.034) 
 0.882a 
(0.008) 
0.857a 
(0.008) 
 0.878a 
(0.012) 
0.807a 
(0.012) 
εc 0.0226a 
(0.002) 
12 
0.0204a 
(0.001) 
14 
0.0198a 
(0.002) 
14 
 0.0272a 
(0.003) 
18 
0.0263a 
(0.003) 
18 
 0.0319a 
(0.002) 
18 
0.0330a 
(0.004) 
18 
εp 0.476a 
(0.017) 
0.490a 
(0.017) 
0.518a 
(0.017) 
 0.416a 
(0.021) 
0.421a 
(0.021) 
 0.495a 
(0.033) 
0.542a 
(0.033) 
Yp (g m-2) 358 330 315  279 265  387 403 
Yield 
(g m-2) 
184.4a  
(7.8) 
157.2ab 
(7.8) 
136.7b 
(7.8) 
 324.6a 
(11.5) 
223.5b 
(11.5) 
 281.1a 
(42.9) 
216.1a 
(42.9) 
Seed mass 
(g (100 seeds) -1) 
15.5a 
(0.40) 
14.4ab 
(0.40) 
14.2b 
(0.40) 
 15.0a 
(0.38) 
13.0b 
(0.38) 
 15.5a 
(0.55) 
13.2b 
(0.55) 
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Table 4.7. Energy content of soybean vegetative and reproductive organs. Pod+seed energy was 
measured and compared between WT and light green Y11y11 from beginning podfill (early R5) 
to maturity (R8). Values from Amthor et al. (1994) are included for comparison. Different letters 
represent significant differences at alpha=0.1.  
 Energy content 
 (MJ kg-1) 
Plant tissue WT Y11y11 Amthor et al. (1994) 
Leaf - - 19.0 
Stem - - 17.2 
Pod+seed (early R5) 17.1a 17.2a - 
Pod+seed (late R5) 18.9a 17.9b - 
Pod+seed (R6) 20.8a 20.6a - 
Pod+seed (R8) 21.7a 21.6a 22.8 
Seed (R8) 23.2a 23.1a - 
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Figure 4.1. Meteorological conditions during the 2012 and 2013 growing seasons in Champaign, 
IL. Daily observations from 2012 (ACE) and 2013 (BDF) are indicated for maximum (black 
circles) and minimum (white circles) temperatures (AB), precipitation (CD), and incident solar 
radiation (EF). 
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Figure 4.2. Soybean leaf chlorophyll from two growing seasons. Mean total leaf chl (AB) and chl 
a:b ratios (CD) are indicated across the 2012 (AC) and 2013 (BD) growing seasons for WT dark 
green soybean (black circle) and two chl-deficient soybean mutants (Y11y11=gray square; 
y9y9=white triangle). Error bars represent standard errors. 
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Figure 4.3. Leaf absorbance as a function of height in the canopy across the 2013 season. The 
percent of absorbed photosynthetically active radiation (PAR) is indicated for WT (black) and 
Y11y11 (gray) at the top (solid), middle (dotted), and bottom (grid) of the canopy throughout the 
2013 season. Error bars represent the stand errors of the mean (n=3).  
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Figure 4.4. Diurnal measurement results from two growing seasons. Bars represent daily means 
of integrals of photosynthesis (A’; AB), stomatal conductance (gs; CD), instantaneous water use 
efficiency (iWUE; EF), and leaf temperature (Tleaf; GH) across the 2012 (ACEG) and 2013 
(BDFH) growing seasons for WT dark green soybean (black) and two chl-deficient soybean 
mutants (Y11y11=gray; y9y9=white). Error bars represent the mean square error. 
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Figure 4.5. Diurnal measurements of shade leaves after canopy closure in 2012. Incident 
photosynthetic photon flux density (PPFD) in each canopy (A), absorbed PPFD by each shaded 
leaf (B), and mean photosynthetic rates (A) over the course of the day (C) for WT dark green 
soybean (black) and two chl-deficient soybean mutants (Y11y11=gray; y9y9=white). Error bars 
represent the standard error of the mean (n=3). 
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Figure 4.6. Light response curves from various developmental stages across two growing seasons 
in sun leaves. A, ϕPSII, NPQ, and Fv’/Fm’ as a function of absorbed PPFD are shown in sun 
leaves during V5 of 2012 and sun leaves during V5, R1/R2, and R5 of 2013. Means are from 
n=3, and standard errors are indicated for both the response variable and absorbed PPFD. 
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Figure 4.7. Light response curves from two reproductive stages in shade leaves. A, ϕPSII, NPQ, 
and Fv’/Fm’ as a function of absorbed PPFD are shown during R1/R2 and R5 of 2013. Means are 
from n=3, and standard errors are indicated for both the response variable and absorbed PPFD. 
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Figure 4.8. Parameters from photosynthetic CO2 response (A/Ci) curves across two growing 
seasons. Vcmax (ABC), Jmax (DEF), and Ci,inflection (GHI) from 2012 sun leaves (ADG), 2013 sun 
leaves (BEH), and 2013 shade leaves (CFI) are reported for WT (black), Y11y11 (gray) and y9y9 
(white) soybean. Error bars represent standard errors of the mean (n=3). 
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Figure 4.9. Respiration rates in 2013 across developmental stage in two leaf layers. Mean 
respiration (CO2 efflux) is shown for WT (black) and Y11y11 (gray) sun (A) and shade (B) 
leaves. Sun leaves were measured in V5, R1/R2, and R5 whereas shade leaves were only 
measured after canopy closure (R1/R2 and R5). Error bars represent the standard error of the 
mean (n=3).  
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Figure 4.10. Photosynthetic rate (A) per unit leaf area of the entire canopy across several 
developmental stages during the 2013 growing season. Canopy A in WT (black) and Y11y11 
(gray) was measured using a chamber and reported after correcting for soil respiration and leaf 
area inside the chamber. Error bars represent the standard error of the mean (n=3). 
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Figure 4.11. Internode length as a function of node number during R5 of the 2012 season. WT 
(black circles) and Y1y11 (gray squares) internode lengths are reported for each node with the 
lowest physical node on the plant representing the lowest node number. Error bars represent the 
standard errors of the mean (n=3). Asterisks represent significant differences at alpha=0.1. 
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CHAPTER 5 
Reduced chlorophyll content diminishes the light gradient within soybean leaves 
Abstract 
Light wavelengths preferentially absorbed by chlorophyll (chl) often display a steep gradient of 
absorption within a leaf. Disproportionately more light absorbed in upper chloroplasts causes 
oversaturation of photosynthesis while at the same time lower chloroplasts can be light-limited. 
Reducing chl content could alleviate the disparity of light absorption across the leaf by creating 
more even light distribution in the leaf and thereby increase leaf light use efficiency. This was 
tested on chamber-grown soybean cultivar “Clark” (WT) and a nearly isogenic chl-b deficient 
light green mutant, Y11y11, by quantifying relative chl fluorescence profiles from the cut edge of 
leaf segments perpendicular to illumination on the adaxial or abaxial leaf surface with blue (445 
nm), red (638 nm) and green (561 nm) light using light sheet microscopy. Overall attenuation of 
chl fluorescence intensity from the illuminated surface was steepest in the blue light, most 
gradual in green light, and intermediate in red light, which agrees with previous reports of light 
attenuation in leaves and is consistent with the molar absorption coefficient of chl. However, 
relative fluorescence was significantly greater in deeper layers of the Y11y11 mesophyll than in 
WT with the greatest differences in blue, then red, and finally green light when illuminated from 
the adaxial surface. Despite 80% less chl, leaf absorbance of white light decreased only 25% in 
the mutant leaves, which was due to a greater than two-fold increase in apparent optical path 
length resulting from increased internal reflectance due to chl reduction. Photosynthetic 
parameters measured on a leaf area basis were reduced by approximately 20-25%, which 
substantially differs from previous work where the mutant demonstrated very little change in 
photosynthetic capacity at 50% chl of the WT when grown in the field. Modeled photosynthesis 
predicts a less steep gradient in carbon gain across low chl leaves compared to WT. Since chl 
reduction was nearly twice greater in Y11y11 in the chamber experiments compared to the field 
experiments, repeating these analyses on field-grown plants would be ideal to determine if light 
attenuation differences exist in field grown plants and can explain the previously seen increases 
in photosynthetic light use efficiency. 
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Introduction 
A considerable amount of research has studied the light gradients within leaves. Because 
chlorophyll (chl) is packaged into discrete packets (chloroplasts), the resulting “sieve effect” 
reduces light absorption. Also known as absorption flattening, this phenomenon occurs in 
nonhomogenous distributions of chromophores because the effective molecular cross section 
decreases with concentration (Duyens, 1956). Conversely, increased path length due to light 
scattering, or the detour effect, occurs frequently in spongy mesophyll and increases light 
absorption. Thus the decrease in absorption due to the sieve effect and the increase in absorption 
due to scattering have opposing dependencies on leaf chlorophyll content. Additionally, C3 
leaves have vertically elongated palisade cells near the adaxial surface that funnel light to the 
lower leaf where more spherically shaped spongy mesophyll facilitate light scattering and 
therefore greater absorbance (Terashima and Saeki, 1983; Vogelmann, 1993). Despite expected 
deviations from Beer’s law presented by the sieve and detour effects, tissue-specific single 
wavelength light attenuation follows Beer’s law fairly well (Terashima and Saeki, 1983). Since 
red and blue light wavelengths are strongly absorbed by chl, these wavelengths are 90 % 
attenuated in the upper 20 % of the leaf (Cui et al., 1991), causing photosynthesis in the lower 
leaf to be driven by green light instead (Sun et al., 1998; Terashima et al., 2009).  
The light gradients present in leaves effectively alter photosynthetic capacity as a 
function of leaf depth. Chloroplasts in the upper and lower portions of the leaf acclimate to the 
gradient in light quantity and spectral quality similar to sun and shade leaves, resulting in a 
decrease in photosynthetic capacity as chloroplasts become shaded (Terashima and Inoue, 
1984,1985a,b; Terashima and Hikosaka, 1995; Terashima et al., 2005). The gradient of light also 
causes a gradient in photoprotection and a decrease in overall photosynthetic efficiency 
(Schreiber et al., 1996; Oguchi et al., 2011) with greater photoprotection near the surface when 
illuminated with red or blue light and evenly dispersed throughout the leaf when illuminated with 
green light (Oguchi et al., 2011). 
Reducing chl content through smaller antennae has been hypothesized to improve canopy 
light use efficiency by creating a more even light distribution among leaves of a crop canopy 
(Ort et al., 2011), but it may also alleviate the light disparity among chloroplasts within leaf 
layers. This could decrease efficiency losses caused by photoprotection at high light since upper 
chloroplasts would absorb less light. Additionally, more light would reach chloroplasts in the 
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lower palisade or spongy mesophyll cells, resulting in greater leaf photosynthetic light use 
efficiency. Support for this concept was shown in a light green soybean mutant with 
approximately half the chl of the dark green WT. Light-saturated photosynthetic rates at the leaf 
level were often similar or greater in the light green mutant compared to the WT (Table 4.4), and 
when adjusted for absorbed photons, photosynthesis was also similar or greater in the mutant 
(Figure 4.6). 
Several methods have been employed for measuring leaf light profiles. These include the 
optical property measurements on paradermal sections (Terashima and Saeki, 1983), micro 
fiberoptic measurements (Vogelmann et al., 1991; Voglemann, 1993), and chl fluorescence 
imaging (Takahashi et al., 1994; Vogelmann and Evans, 2002). The last mentioned method 
illuminates the sample from the adaxial or abaxial surface and views the fluorescence 
perpendicular to the illumination on a cut edge cross section with a resolution of 6 µm 
(Vogelmann and Evans, 2002). A similar method involving light sheet microscopy could offer an 
alternative manner of measuring leaf chl fluorescence profiles. Light sheet microscopy is a 
fluorescence microscopy technique in which a sample is optically sectioned by illuminating the 
sample perpendicularly to the direction of observation with a laser lightsheet. Similar to confocal 
microscopy, background signals are reduced, resulting in images with higher contrast. In 
addition, only the actually observed section is illuminated, which reduces photodamage and 
stress on the leaf sample relative to other imaging techniques (Santi, 2011). Because light sheet 
microscopy sample illumination is perpendicular to the objective lens, leaf adaxial and abaxial 
surfaces can be illuminated with detection on the cut edge as in Vogelmann and Evans (2002) 
but with greater resolution (<1 µm). 
A multi-layer leaf model has been developed and tested that reasonably describes CO2 
fixation profiles within C3 leaves as a function of either chl content and Rubisco profiles or using 
chl fluorescence profiles and 14C edge labeling techniques (Terashima and Saeki, 1985; Evans 
and Vogelmann, 2003). While early studies used labor-intensive paradermal sectioning and 
pigment extraction to determine chl profiles, a recent study found that epi-illumination and 
detection of chl fluorescence of leaf cross sections can be used to determine relative chl content 
in leaf layers (Vogelmann and Evans, 2002). A negative linear relationship exists between 
Rubisco per unit cumulative chl with depth from the adaxial surface (Terashima and Inoue, 
1985b; Nishio et al., 1993; Evans, 1995) and can be used to estimate Rubisco profiles within the 
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leaf. Rubisco content combined with the amount of light absorbed by each leaf layer can be used 
to determine photosynthetic capacity profiles (Evans, 1995), which could provide insight to the 
distribution of photosynthesis within dark compared to light green soybean leaves. 
The primary focus of this study was to compare light absorption profiles within dark and 
light green soybean leaves using a novel technique involving light sheet microscopy. Reducing 
chl was expected to reduce the disparity of light availability between the upper and lower 
chloroplasts of the leaf that would explain previous increases in photosynthetic efficiency at the 
leaf level. Light sheet microscopy demonstrated the same patterns in leaf light attenuation in 
blue, red, and green light as previously reported. As expected, greater light absorption occurred 
in deeper leaf layers of the light green mutant leaf with the most noticeable differences in blue 
light. However, photosynthetic light use efficiency was lower in the mutant, which may reflect 
pleiotropic effects of the mutation or may indicate that optimal chl amounts and a/b ratios are 
needed to balance gains in transmission with losses due to reflection. It may also be necessary to 
balance light gradients with the profile of photosynthetic capacity across the leaf although 
modeled photosynthesis suggested a more gradual gradient in leaf photosynthesis in the mutant 
as compared to the WT. 
 
Methods 
Growth chamber experimental design 
Soybean cultivar “Clark” wildtype (WT) and a nearly isogenic chl deficient mutant, Y11y11, 
were grown in controlled environment growth chambers (model PCG20, Conviron, Winnipeg, 
Canada). Sample size was six for each genotype where single plants represented biological 
replicates. Four Y11y11 seeds, which segregate 1 dark green: 2 light green: 1 yellow lethal, were 
planted in each of 12 pots (7.6 L) filled with LC-1 Sunshine mix (SunGro Horticulture Canada 
Ltd, Bellevue, WA, USA) and thinned to one plant per pot of either WT or Y11y11 after 
emergence. Growth conditions followed a 14h day/10h night cycle with daylight at 
approximately 700 µmol m-2 s-1, 65% relative humidity, and day/night temperatures of 25C/22C. 
Beginning one week after emergence, plants were fertilized using 50% Long-Ashton solution 
with an additional 10mM NH4NO3 (Hewitt, 1966) every other day and watered in between as 
needed.  
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Light profiles 
Light profiles were measured using light sheet microscopy (Lightsheet z.1, Zeiss, Obercohen, 
Germany). Leaf samples approximately 1-2 mm wide and 15-20 mm long were cut from the 
youngest fully expanded leaf of each plant, avoiding any major veins. The sections were 
embedded in 1% low-melting agarose within a glass capillary. Once the agarose had solidified, 
the agarose+sample was partially ejected and suspended in water so that the adaxial and abaxial 
surfaces were perpendicular to the light sheet and the cut edge was facing the objective lens. 
Excitation alternated at both leaf surfaces at wavelengths of 445, 638, and 561 nm. A broad-pass 
filter was used to collect chl fluorescence at >660 nm. A 20x objective was used, which resulted 
in a 4.86 µm light sheet and 0.23 µm pixels. A z-stack of at least 25 µm and consisting of 
approximately 40-45 images was collected at two locations per leaf sample as technical 
replication.  
Images were analyzed using Zen software (Blue Edition; Zeiss, Obercohen, Germany). A 
200 µm long cross sections was analyzed where mean intensity per pixel layer from the 
illuminated leaf surface was recorded. Sections were lined up along the outermost edge of the 
palisade cells when the adaxial surface was illuminated and along the chloroplasts of the guard 
cells on the lower epidermis when illuminated from the abaxial surface. Three different z’s per 
sample were analyzed, which were approximately 5 µm apart to ensure sections were coming 
from non-overlapping light sheets. Means and standard deviations were calculated after 
averaging all subsamples by pixel layer from the surface. Relative fluorescence was then 
calculated by dividing by the maximum fluorescence for each wavelength and genotype. The 
same scalars were applied to the standard deviations, which were then divided by the square root 
of n (six) to obtain standard errors. Paired t-tests were conducted at each pixel layer, and 
significant differences in light absorbance were determined at alpha = 0.05. 
 
Gas exchange 
All gas exchange measurements were conducted prior to light sheet microscopy measurements 
on the same leaves as the light sheet measurements. Photosynthetic CO2 (A/Ci) and light (A/Q) 
response curves were measured using an open path gas exchange system equipped with a leaf 
chamber fluorimeter (LI-6400, LI-COR, Lincoln, NE, USA). A/Ci curves were analyzed to 
determine the maximum carboxylation capacity of Rubisco (Vc,max), the maximum rate of 
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electron transport (Jmax) and the intercellular concentration of CO2 at the inflection point of the 
curve (Ci,inflection) according to Long and Bernacchi (2003). A/Q curves were measured the 
following day, on which dark-adapted minimal (Fo) and maximal fluorescence (Fm) of 
photosystem II (PSII) were measured prior to growth chamber illumination. This allowed 
determination of maximum efficiency of PSII in the light (Fv’/Fm’), non-photochemical 
quenching (NPQ; (1-Fm’)/Fm’), and photochemical quenching factor [qP = (Fm’-Fs’)/Fv’ where 
Fs’ is steady state fluorescence] as a function of irradiance. The operating efficiency of PSII 
[ϕPSII = (Fm’- Fs’)/Fm’] was also measured at each irradiance. Light intensity was adjusted for 
absorption after determining leaf absorbance in the red and blue wavelengths emitted by the 
fluorometer LEDs. Saturated rates of photosynthesis (Asat), maximum quantum efficiency 
(ϕCO2), response curvature (θ), and dark respiration rates (Rd) were determined by fitting the 
data to a non-rectangular response curve (SigmaPlot, Systat Software Inc, San Jose, CA, USA).  
 
Sampling 
Leaf absorbance of visible light wavelengths was measured using an integrating sphere 
(Spectroclip-JAZ-TR, Ocean Optics, Duiven, The Netherlands). Path lengthening was calculated 
for both genotypes using Beer’s law to calculate expected absorbance (Abs1)=εcl and actual 
absorbance (Abs2)=log(Io/It) where ε is the extinction coefficient of chl in pigment-protein 
complexes (2230 m2 (mol chl) -1; Evans 1995), c is the concentration of chl in the leaf (mol m-3), 
l is the leaf thickness (183 µm; Thomas and Harvey, 1983), Io is incident light, and It is 
transmitted light. The apparent path lengthening was calculated as the ratio of Abs2 to Abs1. 
Apparent ε was then calculated from actual abs (Abs2) divided by cl. 
Chl was extracted to determine total chl content and a:b ratios according to Porra et al. 
(1989) and Lichtenthaler (1987). Specific leaf weight (SLW) was determined from the mass of a 
2 cm leaf disk after drying to constant weight. Relative chl profiles as a function of depth into the 
leaf were determined using confocal microscopy (LSM710, Zeiss, Obercohen, Germany). Leaf 
sections 5 mm by 10 mm were embedded in 1% ultra-pure agarose and finely sliced into cross 
sections. The cut edge was illuminated with 488 nm light with the resulting chl fluorescence 
detected at 679 nm. Cross section fluorescence from adaxial to abaxial surface over a 200 µm 
leaf section was quantified in Zen software (Blue Edition; Zeiss, Obercohen, Germany), 
normalized for leaf depth, and analyzed in the same manner as light sheet microscopy data.  
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Modeling 
Epi-fluorescence representing relative chl content was converted to actual chl content based on 
whole leaf chl contents (Table 5.1). Rubisco content per unit chl has a negative linear 
relationship with cumulative chl content (Evans, 1995) and was calculated for each layer, after 
which Rubisco per chl was multiplied by chl content to calculate Rubisco content per layer in 
each genotype. Absorbance was calculated as Abs1=εcl for each layer based on the apparent ε 
calculated above. Using Abs1, It was calculated from Abs2=log (Io/It) to determine the amount of 
light available in each layer (based on 2000 µmol m-2 s-1  incident photosynthetic photon flux 
density (PPFD) at the adaxial surface) and the amount absorbed per layer (Ia). Photosynthesis by 
layer (P) was calculated using the multi-layer leaf model (Terashima and Saeki, 1985; Evans and 
Vogelmann, 2003)  
P=(ϕIa+Pm-((ϕIa+Pm)2-4θϕIaPm)0.5)/2θ 
where ϕ, representing ϕCO2, and θ, the curvature factor, were estimated from A/Q curves and 
assumed to be the same for each layer (Evans, 1995), maximum photosynthetic capacity (Pm) 
was based on Rubisco content, and absorbed light per layer (Ia) was calculated as above.  
 
Statistical Analyses 
Analyses of variance on photosynthetic parameters (Vc,max, Jmax, Ci,inflection, Asat, ϕCO2, θ, Rd, 
Fv/Fm) and leaf properties (chl a:b, chl content, carotenoid content, leafabs, path length, SLW) 
were conducted in Proc GLM (SAS 9.4, SAS Institute, Cary, NC, USA) with genotype 
considered a fixed effect. Means were based on n=6 except for Fv/Fm (n=4). Differences were 
considered significant at alpha = 0.05. 
 
Results and Discussion 
Leaf properties were significantly altered by chl reductions 
Chl a:b ratios were significantly greater in Y11y11 compared to WT (Table 5.1), and overall chl 
content was significantly reduced by almost 80% in Y11y11 (Table 5.1), which was a much 
greater reduction than previously seen in field-grown Y11y11 (Figure 4.2). Carotenoid content 
was also significantly reduced in Y11y11 compared to WT by approximately 50 % (Table 5.1). 
Y11y11 SLW was reduced by 20% of the WT (Table 5.1).  
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Although chl content was reduced by 80%, leaf absorbance was only reduced by 
approximately 25% (Table 5.1). Comparisons between actual and expected leaf absorbance 
revealed a more than two-fold greater path lengthening due to reduced chl in the Y11y11 leaf 
compared to WT (Table 5.1). This agreed with the extent of path lengthening calculated from the 
data from McClendon and Fukshansky (1990) where an 80 % reduction in chl also resulted in a 
>2-fold increase in path length (Figure 5.1). Altered leaf anatomy in Y11y11 probably 
contributed to the path lengthening. While the WT normally exhibited three layers of densely 
packed palisade mesophyll, the Y11y11 leaf often exhibited only 1-2 layers of palisade that was 
less densely arranged (Figure 5.2). Additionally, the Y11y11 leaf displayed larger intercellular 
spaces in the lower leaf with fewer spongy mesophyll compared to WT (Figure 5.2). Cell shape 
and intercellular air-cell wall interfaces affect light scattering with spongy mesophyll linked to 
greater path length in leaves (Vogelmann, 1993), and lack of chl is correlated to a greater 
proportion of spongy mesophyll-shaped cells in Arabidopsis albino sectors that is exaggerated by 
low light conditions (Tan et al., 2008). Therefore, increased internal reflectance associated with 
reduced chl content combined with the resulting changes in anatomy observed under low light 
growth conditions most likely together accounted for the doubling of the apparent optical path 
length in the Y11y11 mutant leaves.  
 
Leaf light gradients measured with light sheet microscopy closely matched previous profiles in 
spinach 
Fluorescence profiles from light sheet microscopy resembled previous leaf profile measurements 
on other species. In both WT and Y11y11 leaves illuminated from either adaxial or abaxial 
surfaces, blue light (445nm) was sharply attenuated as a function of depth within the leaf (Figure 
5.3). In WT leaves the attenuation of red light (638nm) was somewhat more gradual than 
attenuation of blue light, and green light (561nm) attenuation was the most gradual (Figure 5.3). 
In Y11y11 leaves, red light attenuation was similar to green light attenuation (Figure 5.3). The 
profiles also demonstrated a clear distinction between palisade and spongy mesophyll, which 
was evident in the fluorescence quantification (see below). These profiles were very similar to 
those shown by Vogelmann and Evans (2002), although the resolution depicted here was slightly 
greater as pixel size was reduced to 0.23 µm.  
 
91 
 
Chl content significantly affected light attenuation with the greatest effects when illuminated with 
blue light from the adaxial surface  
Although blue light peak absorbance occurred at approximately the same location in the leaf (15 
µm from the adaxial surface) for both genotypes, the mutant leaf had significantly greater blue 
light absorbance at greater depths in the leaf (Figure 5.4A). The ratio of the blue to red molar 
absorption coefficient is much higher for chl b than for chl a, and thus would contribute to the 
deeper penetration of blue light into the Y11y11 leaf that is largely devoid of chl b (Table 5.1). 
Very little blue light reached the spongy mesophyll in either leaf, as demonstrated by lack of a 
“shoulder” in both profiles (Figure 5.4A) that was evident in the red and green adaxial 
illumination (Figure 5.4CE). Peak absorbance in red light occurred 2 µm further into the WT leaf 
compared to blue light but was much deeper in the Y11y11 leaf (37 µm from the adaxial surface; 
Figure 5.4C). Significantly more red light was absorbed in the lower palisade and upper spongy 
mesophyll cells in the mutant (Fig 5.4C). Green light peak absorbance occurred deeper in the 
WT leaf (37 µm) compared to blue and red light but was at approximately the same location as 
peak red light absorbance in the Y11y11 leaf (39 µm; Figure 5.4E). Only slightly more green 
light was available in upper spongy cells of the mutant compared to WT (Fig 5.4E). These data 
supported the hypothesis that reducing pigment concentrations facilitates a more even light 
distribution of highly absorbed wavelengths in the light green leaf.  
There were fewer significant differences between light and dark green plants when 
illuminated from the abaxial surface. WT and Y11y11 fluorescence profiles were similar in the 
spongy mesophyll within each illumination wavelength (Figure 5.4BDF). In blue light, the peak 
absorbance occurred at a distance of 21 µm from the abaxial surface in WT and 23 µm in Y11y11 
(Figure 5.4B). However, Y11y11 relative fluorescence was significantly greater in portions of the 
palisade mesophyll (Figure 5.4B). Peak absorbance of red light was slightly further from the 
abaxial surface of the WT leaf (30 µm) compared to Y11y11 (26 µm), but Y11y11 demonstrated 
a more pronounced bimodal absorption with a second peak of almost equal fluorescence 
intensity in the palisade mesophyll (Figure 5.4D). Peak absorbance of green light occurred in the 
palisade mesophyll of Y11y11 (105 µm from the abaxial surface) but was at the same location in 
WT compared to other wavelengths (30 µm; Figure 5.4F). Significant increases in Y11y11 
absorption in red and green light were minimal and occurred in the palisade mesophyll (Figure 
5.4DF). Lower resolution in the Y11y11 palisade mesophyll cell absorption, especially evident in 
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red and green wavelengths (Figure 5.4DF), was probably due to a greater light scattering 
occurring in the spongy and lower palisade mesophyll (Vogelmann, 1993), which were more 
sparse than in WT with larger intercellular air spaces (Figure 5.2). Although leaf abs was not 
measured from the abaxial surface, path lengthening would most likely have been greater in both 
genotypes and to an even greater extent in Y11y11. 
 
Loss of photosynthetic capacity accompanied lowered pigment content of the Y11y11 mutant 
Most A/Ci and A/Q parameters were significantly affected by reduced chl content in the mutant 
(Table 5.2). Vc,max and Jmax were approximately 25% lower in the mutant as compared to the WT 
(P<0.001; Table 5.2). At high light, carboxylation capacity limits photosynthesis (Ogren and 
Evans, 1993), and this was evident in a 21% decrease in Asat (Table 5.2). ϕCO2 was also 
significantly reduced by 21% in the mutant, even when accounting for absorbed PPFD (Table 
5.2). Large, interconnected light harvesting complexes associated with PSII (LHCII) decrease the 
chances of an absorbed photon being lost as fluorescence before reaching an open reaction center 
(Allen and Forsberg, 2001). Therefore, severely truncated LHCII most likely reduced ϕCO2 
through inhibiting excitation transfer among photosystems when light was limiting (Zhu et al., 
2010).  
The 20-25% reductions in photosynthetic capacity correlated with a 22% decrease in 
SLW (Table 5.1). Leaf cross sections suggest that lower SLW may stem from fewer cells and 
greater air space within the leaf (Figure 5.2). Therefore, if photosynthetic parameters were based 
on mass instead of area, a subsequent increase by 22% would result in similar capacities between 
the two genotypes, assuming that the reduction in leaf mass was due to fewer cells, chloroplasts, 
and photosynthetic machinery. However, this suggests that chl reductions of 80% and low light 
conditions altered leaf anatomy to an extent that harmed photosynthetic capacity.  
 
Severe reductions in chl and LHCII in the Y11y11 mutant may lower photosynthetic efficiency 
and photoprotective mechanisms in high light conditions 
Dark adapted Fv/Fm was 0.824 in both genotypes (p=0.97; Table 5.2), indicating no severe 
photodamage caused by the chl mutation in plants grown at 700 µmol m-2 s-1 PPFD. However, 
lower ΦPSII and qP at higher light levels indicated signs of decreased photosynthetic efficiency 
(Figure 5.5CE), even though Fv’/Fm’ was greater and NPQ was lower in the mutant with 
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increased light absorption (Figure 5.5BD). ΦPSII is affected by end product utilization, where a 
buildup of NADPH reduces the efficiency of QA oxidation (decreased Fq/Fv or qP) through lower 
linear electron flux and a higher ATP/ADP ratio causes acidification of the lumen, which in turn 
decreases Fv’/Fm’ as NPQ increases (Baker, 2008). Buildup of end products in saturating light 
can occur for a variety of reasons, including decreased carboxylation capacity as was evident in 
Y11y11 (Table 5.2). This was coupled with a lower qP in Y11y11 at high light (Figure 5.5E), 
indicating that limited QA oxidation (qP) was driving the decrease in ΦPSII (Figure 5.5C).  
The negative effects of end-product buildup were not evident in Y11y11 Fv’/Fm’ and NPQ 
measures at high light and may be due to a limited photoprotective capacity in the mutant. NPQ 
is closely coupled with LHCII since the majority of heat dissipation occurs in LHCII through the 
xanthophyll cycle, which is activated by low lumen pH (Ort, 2001). Total carotenoid content was 
reduced in the mutant, which is an expected consequence of truncated LHCII antennae 
complexes (Ghirardi and Melis, 1988) and could be limiting the expected increases in NPQ 
levels that should have occurred when light was in excess of carboxylation capacity. This 
suggests there may be a threshold of chl content and LHCII necessary for optimal 
photoprotective mechanisms at high light, especially if other facets of photosynthetic capacity 
decline at some critical level of chl reduction, whether directly due to chl content or a pleiotropic 
effect of the mutation. 
 
Modeled photosynthetic profiles predict a more even distribution of carbon capture across 
intraleaf layers 
Relative chl profiles estimated from epi-illumination and detection of leaf cross sections 
demonstrated similar patterns in relative chl distribution in both WT and Y11y11 leaves (Figure 
5.6A). However, relative chl content was greater in the WT lower palisade and significantly 
greater in the spongy mesophyll compared to Y11y11 (Figure 5.6A). These results corresponded 
well with leaf anatomy where cell density decreased with depth in the Y11y11 leaf compared to 
WT (Figure 5.2). Because chl content was much lower in the mutant layers (Figure 5.6B), 
Rubisco per unit chl was projected to be greater throughout the Y11y11 leaf (Figure 5.6C), 
resulting in a more even dispersion of photosynthetic capacity (represented by total Rubisco) 
throughout the leaf (Figure 5.6D). However, total modeled Rubisco content in the Y11y11 leaf 
was 75% lower than in WT, even though Vc,max was only 25% lower in Y11y11 (Table 5.2). The 
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equation relating Rubisco to chl content was determined from two separate analyses on spinach 
(Terashima and Inoue, 1985b; Nishio et al., 1993), neither one representing a chl mutant. Nishio 
et al. (1993) did measure the relationship in a shade leaf, but using that relationship would have 
rendered an even greater disparity between WT and Y11y11 Rubisco content and deviation from 
Vc,max relationships (Table 5.2). This suggests that the equation is more suitable for relative 
Rubisco contents but may need to be verified with measured Rubisco content in dark and light 
green soybean leaves. 
Light availability by layer was increasingly greater with depth in the Y11y11 leaf (Figure 
5.7A), but light absorption was only slightly greater in the spongy mesophyll of the mutant 
(Figure 5.7B) since chl content was extremely low in the Y11y11 spongy mesophyll (Figure 
5.6B). Differences in total leaf absorbance were driven mostly by greater absorption of available 
light in the WT upper palisade (Figure 5.7B). Photosynthesis profiles normalized to total leaf 
photosynthesis at saturating light (Asat; Table 5.2) followed a similar pattern with greater 
absolute photosynthesis in the WT palisade and Y11y11 spongy mesophyll (Figure 5.7C). 
Relative photosynthesis demonstrated a smaller disparity between upper and lower leaf 
photosynthetic rates in the mutant leaf (Figure 5.7D). Before normalizing photosynthesis with 
Asat, photosynthesis summed for the entire leaf resulted in 57% lower A in the Y11y11 based on 
incident PPFD, but when corrected for absorbed PPFD, Y11y11 A was 78% of the WT, which 
corresponded well with Asat ratios (Table 5.2). 
 
Conclusions 
This study examined the light environment in dark and light green soybean leaves using the 
novel approach of light sheet microscopy. The method of using light sheet microscopy 
effectively measured chl fluorescence profiles with greater resolution compared to prvious 
methods, and there were clear differences in red and blue light attenuation in the chl mutant as 
expected. These led to more even light and photosynthetic distributions in the leaf as predicted. 
Leaf properties were significantly altered in the mutant associated with a larger than expected 
reduction in chl (80%) that was accompanied by altered leaf anatomy, which mostly likely led to 
lower photosynthetic efficiency in Y11y11 on a leaf area basis. Fluorescence measurements 
demonstrated lower operating efficiency of PSII but greater maximal efficiency of PSII and 
lower NPQ at high light, suggesting that although light was oversaturating, the Y11y11 leaves 
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were unable to fully engage photoprotective mechanisms to the extent of the WT. The difference 
in chl content and photosynthetic capacity between field and chamber-grown plants suggests that 
these plants had below-optimal chl content. Whether or not the benefits in leaf light 
environments would exist at somewhat higher chl contents that might also retain complete 
photosynthetic capacity remains to be determined. 
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TABLES AND FIGURES 
 
Table 5.1. Summary of leaf properties in chamber-grown dark green WT and light green Y11y11 
Clark soybean. Means of chl a:b ratios, total chl content, leaf absorbance, calculated path length, 
and specific leaf weight (SLW) are reported with the ratio of the chl-deficient mutant as 
compared to the WT. ANOVA summary statistics are also indicated (n=6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
      
Parameter WT Y11y11 Ratio F-value P-value 
Chl a:b ratio 2.92 4.51 1.5 502 <0.0001 
Chl (µmol m-2) 301.3 61.8 0.21 1414 <0.0001 
Carotenoids (g m-2) 41.7 19.2 0.46 381 <0.0001 
Leaf Abs (% PAR) 92.2 67.5 0.73 992 <0.0001 
Path lengthening 1.63 3.51 2.15 191 <0.0001 
SLW (g m-2) 23.2 18.0 0.78 51.5 <0.0001 
      
97 
 
Table 5.2. Summary of gas exchange and dark-adapted fluorescence measurements for chamber-
grown dark green WT and light green Y11y11 Clark soybean. Means of light response 
parameters, CO2 response parameters, and dark adapted fluorescence measurements are reported 
with the ratio of the chl-deficient mutant as compared to the WT. ANOVA summary statistics 
are also indicated where n=6 for all parameters except Fv/Fm (n=4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
       
 Parameter WT Y11y11 Ratio F-value P-value 
A/Q Asat 28.3 22.3 0.79 32.4 <0.001 
 ϕCO2 0.0675 0.0528 0.79 18.2 <0.01 
 Rd 1.69 1.43 0.82 4.89 0.052 
 Theta 0.582 0.798 1.4 4.56 0.059 
A/Ci Vcmax 106.6 79.8 0.75 21.2 <0.001 
 Jmax 192.5 140.6 0.73 21.5 <0.001 
 Ci,inflection 286.8 260.5 0.91 6.20 <0.05 
Fluorescence Fv/Fm 0.824 0.824 1.00 0.00 0.97 
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Figure 5.1. Ratio of path length in low chl plants compared to high chl plants within species as a 
function of relative chl reductions. Data are from McClendon and Fukshansky (1990) and the 
current study. Comparisons were made within the following species: Catalpa bignonioides 
(black circle), Liriodendron tulipifera (white circle), Quercus coccinea (black triangle), 
Taraxacum sp. (white triangle), Nicotiana sp. (black square), Nicotiana tabacum (white square), 
Vitis riparia (black diamond), Glycine max (this study; white diamond). The line represents the 
equation y=0.9829x-0.462 (R2=0.85). 
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Figure 5.2. Cross section of representative chamber grown WT (left) and chl deficient Clark 
soybean mutant (Y11y11; right) leaves. Adaxial surface is located at the top of the image. Scale 
bar represents 50 µm. 
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Figure 5.3. Fluorescence profiles of WT (rows AC) and Y11y11 (rows BD) cross sections within 
a z-stack when illuminated from the adaxial (rows AB) or abaxial (rows CD) surface with blue 
(445 nm; column 1), red (638 nm; column 2), and green (561 nm; column 3) lasers using light 
sheet microscopy. Fluorescence was falsely colored to represent illumination wavelength. Scale 
bar represents 50 µm. Pixel size was 0.23 µm. 
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Figure 5.4. Relative fluorescence as a function of distance from the adaxial surface. WT (dark 
green circles) and Y11y11 (light green circles) leaves from chamber-grown plants were 
illuminated with blue (AB), red (CD), and green (EF) lasers from the adaxial (ACE) and abaxial 
(BDF) surface using light sheet microscopy. Mean fluorescence (n=6) is shown every 0.23 um. 
Standard error bars are indicated every 10 um in WT (black) and Y11y11 (gray). Asterisks 
represent significant differences at p<0.05.  
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Figure 5.5. Photosynthetic light response curve results. Photosynthetic rate (A), Fv’/Fm’ (B), 
ϕPSII (C), NPQ (D), and qP (Fq’/Fv’; E) as a function of absorbed photosynthetic photon flux 
density (PPFDabs) in WT (black circles) and Y11y11 (gray squares). Error bars represent standard 
errors of the means (n=6 in A, n=4 in BCDE). 
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Figure 5.6. Chl and modeled Rubisco profiles within WT and Y11y11 leaves. Relative chl 
distribution from epi-fluorescence measurements (A) was converted to absolute chl content 
based on total leaf chl content on an area basis (B). Rubisco per mol cumulative chl (C; Evans 
1995, 1999) was adjusted for absolute chl content per layer to determine relative amount of 
Rubisco per layer (D). Means in A represent sample sizes of n=6 for WT (dark green circles) and 
n=5 for Y11y11 (light green squares). Error bars represent standard errors of the means. 
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Figure 5.7. Light and photosynthesis profiles in WT (dark green circle) and Y11y11 (light green 
square) leaves. Light available at each layer based on 2000 µmol m-2 s-1 PPFD on the adaxial 
surface incident and apparent extinction coefficients (A) was adjusted for chl content to 
determine the amount of light absorbed by each layer (B). Photosynthesis profiles (C) were 
calculated according to Evans (1995) and adjusted to photosynthetic levels relative to the 
maximum (D).  
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CHAPTER 6 
Concluding remarks 
The focus of this dissertation was evaluating the effects of climate-related variables, 
management techniques, and reduced chlorophyll (chl) content on plant energy conversion 
efficiency (εc) using past literature and field and laboratory experiments. These studies revealed 
that εc in most crops is sensitive to biotic and abiotic factors and is highly variable in even 
relatively non-stressful environments. A unifying pattern across these studies is that most dense 
plant canopies use light inefficiently, leading to depressions in εc. Theoretically, improving 
canopy light distribution through reduced pigment concentration should increase εc (Ort et al., 
2011), but this was not fully evident in light green soybean. Although leaf level light use 
efficiency increased in light green leaves, pleiotropic effects that accompanied the mutation 
causing chl deficiency most likely inhibited canopy level improvements in εc and therefore yield. 
 Chapter two quantified literature reported responses of εc to various factors, including 
atmospheric gases, weather-related variables affected by climate change, and management 
techniques. Main effect factors affected εc similarly to previous documentation of these effects 
on leaf photosynthesis. Variables that decrease leaf photosynthesis, such as elevated tropospheric 
O3 concentrations, water stress, temperature stress, and foliar damage, also depressed εc, whereas 
elevated CO2 improves C3 leaf photosynthesis and was shown to significantly improve εc as well. 
Therefore, breeding for greater positive responses to elevated CO2 while reducing the effects that 
negative stresses can have on εc is important for mitigating the effects of climate change on εc 
and ultimately yield. Shade treatments that reduced incident radiation by <50% also improved εc. 
This has been hypothesized to partially result from a greater proportion of diffuse light, which 
penetrates canopy layers more effectively than direct light (Sinclair and Muchow, 1999) and 
stimulates canopy photosynthesis (Roderick et al., 2001). An additional explanation is that at 
times when light is in excess of leaf photosynthetic capacity, shading reduces the amount of light 
that is wasted as heat in leaves of the upper canopy and by definition increases light use 
efficiency (Long et al., 1994; Ort, 2001). Since decreasing incident solar radiation would also 
inhibit overall productivity, promoting more effective light use efficiency through reduced 
chlorophyll content, improved canopy architecture, or intercropping was proposed as a means to 
increase εc while keeping incident radiation constant. 
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 After standardizing relatively non-stressed εc values to the same units, chapter three 
quantified εc within important food and biofuel crops and examined the contributions of 
environmental factors as compared to genetic advancements to variation in εc over the past few 
decades. As estimated, most food crop εc means were below half the calculated theoretical 
maxima for C3 and C4 plants with the greatest deficiencies in legumes, perhaps revealing the 
energetic cost of symbiotic nitrogen fixation. The greatest εc means were evident in C4 bioenergy 
grasses and were mostly attributed to the higher intrinsic efficiency of C4 compared to C3 
photosynthesis and to a canopy architecture that promoted more equal distribution among leaf 
layers (Ceotto et al., 2013). Variation in C3 and C4 food crops over the past few decades was 
most strongly related to temperature and incident solar radiation, the latter of which was always 
negatively correlated with εc. Although there were positive relationships with CO2 in soybean, 
these may not offset the climatic factors that decrease εc, and any additional benefits of elevated 
CO2 on εc and yields could be negated (Lobell and Gourdji, 2012). Increases in εc were weakly 
correlated with genetic advancements, if at all, and forecast that doubling εc will take several 
decades in most important food crops without significant efforts to improve εc, especially when 
facing major climatic stresses. Similar to chapter two, improved εc in C4 bioenergy grasses and 
strong negative correlations with increasing solar radiation suggest that an effective approach to 
increasing εc in food crops is through engineering more efficient light distribution in the canopy. 
 Chapter four tested the hypothesis that reducing chl content would improve εc in soybean 
grown in the field. Over two growing seasons, measurements of leaf and canopy photosynthesis 
and light use efficiency in dark and light green soybean indicated that reductions in chl content 
benefitted the leaf but not canopy level processes. However, the greatest impacts on leaf 
photosynthetic efficiency were most evident when chl content in light green soybean mutants 
was approximately 30% of the dark green wildtype (WT). As the gap between light and dark chl 
content declined, the effects were less evident, and when light green soybean chl content was 
<20 % of the WT, photosynthesis and photoprotective mechanisms were compromised. These 
observations indicated an optimal chl content exists at the leaf level as well as the canopy level 
(Ort et al., 2011). Less light absorption in the upper canopy was hypothesized to lower leaf 
temperatures and therefore improve water use efficiency of the canopy due to a decreased need 
for transpirational cooling. The light green mutants instead had greater rates of stomatal 
conductance and therefore lower intrinsic water use efficiency. This likely resulted from the 
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specific mutation governing chl reduction. Since drought occurred during both seasons and was 
shown to significantly lower εc in chapter two, this pleiotropic effect of the mutation was 
hypothesized to have limited the translation of greater leaf photosynthetic light use efficiency to 
the canopy scale. Another factor that deserves further attention in this regard is altered canopy 
architecture as the mutants had shorter internodes and therefore more compact canopies that 
could affect light distribution in the canopy. 
 Based on leaf level results from chapter four, chapter five assessed the differences 
between the light environment within light and dark green soybean leaves using light sheet 
microscopy. This novel fluorescence microscopy method demonstrated the capacity to quantify 
light attenuation within leaf layers with greater resolution and with higher throughput compared 
to previous methods (Vogelmann and Evans, 2002). As predicted, light attenuation within light 
green leaves was more gradual in blue and red light wavelengths compared to dark green leaves, 
and modeled photosynthesis gradients based on light and chl profiles were also more gradual 
within the light green leaves. However, these measurements could not be linked to the greater 
light use efficiency at the entire leaf level. Similar to some measurements in chapter four, the 
light green leaves demonstrated <20 % of the chl contained in dark green leaves, resulting in 
lowered overall photosynthetic capacity and attenuation of photoprotective mechanisms.  
 Overall, these studies confirmed that εc is a variable entity that is currently well below the 
calculated theoretical maxima in most plants, including important food crops, and makes it an 
ideal target for breeding to increase yield potential. εc demonstrated high sensitivity to 
environmental factors, emphasizing the need for increased tolerance to stresses predicted to 
intensify due to climate change. However, significant depressions in εc with radiation in excess 
of photosynthetic capacity indicate that efforts should also seek to optimize the light 
environment within dense crop canopies. Although reducing chl content did not significantly 
affect canopy εc or yield in this study, previous work has shown significant increases in canopy 
photosynthesis in the same mutants when water was not limiting (Pettigrew et al., 1989). 
Therefore, the translation of greater leaf-level light use efficiency to improved εc and yield in this 
study was most likely inhibited by drought and enhanced susceptibility to drought due to the 
mutation. Future work should focus on identifying methods for reducing chl content in soybean 
and other dense canopy crops to eliminate negative pleiotropic effects that can accompany some 
methods of chl reduction. 
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Supplementary Table A.2.  Analyses summary of treatment and categorical effects on the response variable (εc).   
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
Elevated [CO2] Overall  W 24 20.0 15.5 24.7 363 ppm 565 ppm 
          
 Dosage 450-599 ppm N 26 17.8 12.8 24.8 367 ppm 537 ppm 
  ≥600 ppm N 6 36.7 24.0 55.2 368 ppm 673 ppm 
          
 Method FACE N 14 17.2 12.8 21.6 371 ppm 551 ppm 
  OTC N 12 14.2 9.3 19.5 362 ppm 564 ppm 
  Greenhouse N 1 58.8 30.1 93.8 350 ppm 700 ppm 
  OTC (pots) N 2 33.9 21.7 44.9 385 ppm 561 ppm 
          
 PS C3 N 31 22.6 16.9 29.8 369 ppm 569 ppm 
  C4 N 1 4.5 0.7 8.5 350 ppm 500 ppm 
          
 LC Perennial N 3 32.2 24.5 40.4 379 ppm 561 ppm 
  Annual N 29 20.1 14.3 27.6 366 ppm 565 ppm 
          
 PT Crop N 29 20.1 14.3 27.6 366 ppm 565 ppm 
  HerbNC N 2 33.9 21.7 44.9 385 ppm 561 ppm 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
 NF Fixer N 9 27.4 15.6 42.7 371 ppm 584 ppm 
  Non-fixer N 23 19.1 13.6 26.4 366 ppm 557 ppm 
          
          
Elevated [O3] Overall  W 18 -8.4 -13.4 -3.0 30 ppb 71 ppb 
          
 Dosage 30-59 ppb W 2 -3.2 -22.0 20.1 27 ppb 52 ppb 
  60-79 ppb W 11 -5.5 -11.9 1.4 30 ppb 68 ppb 
  ≥80 ppb W 3 -17.7 -29.3 -4.3 34 ppb 97 ppb 
          
 Method FACE W 4 -3.6 -15.4 9.9 50 ppb 75 ppb 
  OTC W 13 -10.4 -16.4 -4.1 23 ppb 70 ppb 
          
 PS C3 W 16 -8.6 -13.9 -3.0 31 ppb 72 ppb 
  C4 W 1 -3.7 -80.9 385.4 20 ppb 70 ppb 
          
 NF Fixer W 12 -8.7 -14.5 -2.4 35 ppb 74 ppb 
  Non-fixer W 5 -7.1 -21.8 10.4 20 ppb 65 ppb 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
Water Stress Overall  W 249 -16.8 -19.5 -14.0 - - 
          
 Timing Vegetative N 22 -9.9 -16.6 -2.9 - - 
  Reproductive N 148 -19.8 -23.1 -16.7 - - 
  Growing Season N 237 -18.2 -21.8 -14.5 - - 
          
 Type Limiting N 401 -18.7 -21.2 -16.3 - - 
  Excessive N 7 2.6 -16.2 20.5 - - 
          
 Method Field N 400 -17.5 -19.9 -15.1 - - 
  Glasshouse N 6 -51.5 -66.8 -34.8 - - 
  Field (pots) N 1 -36.7 -39.8 -33.5   
          
 PS C3 N 356 -18.8 -21.4 -16.1 - - 
  C4 N 52 -15.0 -20.5 -9.3 - - 
          
 LC Annual N 357 -18.4 -20.9 -16.0 - - 
  Perennial N 51 -17.7 -26.1 -8.2 - - 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
 PT Crop N 359 -18.5 -21.0 -16.0 - - 
  Tree N 25 -12.4 -27.6 6.2 - - 
  HerbNC N 23 -22.5 -30.2 -14.5 - - 
          
 NF Fixer N 138 -30.0 -34.1 -26.2 - - 
  Non-fixer N 272 -11.7 -14.4 -8.9 - - 
          
Temperature 
Stress Overall  N 11 -17.3 -38.4 4.8 - - 
          
 Type Above Optimal N 6 -28.4 -52.7 4.9 - - 
  Below Optimal N 4 1.1 -10.3 18.6 - - 
          
 Method Greenhouse N 8 2.6 -6.8 13.7 - - 
  Field (shelter) N 2 -56.8 -70.3 -12.1 - - 
          
 PS C3 N 2 9.6 -6.7 22.2 - - 
  C4 N 8 -24.8 -48.0 1.3 - - 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
 NF Fixer N 2 9.6 -6.7 22.2 - - 
  Non-fixer N 8 -24.8 -48.0 1.5 - - 
          
Nitrogen Added Dosage 0-50 kg ha-1 N 48 3.3 0.1 7.1 33 kg ha-1 75 kg ha-1 
  51-100 kg ha-1 N 90 17.9 12.3 23.9 29 kg ha-1 109 kg ha-1 
  101-150 kg ha-1 N 67 26.0 19.6 33.0 8 kg ha-1 137 kg ha-1 
  151-200 kg ha-1 N 22 18.5 6.7 30.6 17 kg ha-1 202 kg ha-1 
  201-250 kg ha-1 N 49 54.8 41.4 69.3 16 kg ha-1 253 kg ha-1 
  > 250 kg ha-1 N 24 42.7 32.2 54.0 3 kg ha-1 332 kg ha-1 
          
 Method Field W 174 23.0 19.8 26.4 16 kg ha-1 150 kg ha-1 
  Shelter (pots) W 5 55.0 10.6 117.3 67 kg ha-1 137 kg ha-1 
          
 PS C3 N 247 19.0 15.5 22.7 23 kg ha
-1 155 kg ha-1 
  C4 N 57 50.7 40.7 62.3 4 kg ha
-1 172 kg ha-1 
          
 LC Annual W 145 22.8 19.1 26.5 17 kg ha-1 155 kg ha-1 
  Perennial W 35 26.6 18.8 34.9 22 kg ha-1 133 kg ha-1 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
 PT Crop N 268 22.8 19.0 26.7 21 kg ha-1 166 kg ha-1 
  HerbNC N 24 44.7 31.0 60.3 11 kg ha-1 118 kg ha-1 
  Tree N 11 24.1 7.6 43.8 0 kg ha-1 85 kg ha-1 
          
Phosphorus 
Added Dosage 0-50 kg ha-1 N 12 31.5 15.0 50.6 0 kg ha-1 36 kg ha-1 
  51-100 kg ha-1 N 10 36.3 21.1 52.3 0 kg ha-1 72 kg ha-1 
  >100 kg ha-1 N 3 7.6 -1.2 20.6 0 kg ha-1 133 kg ha-1 
          
 PS C3 N 19 34.2 22.7 46.6 0 kg ha
-1 65 kg ha-1 
  C4 N 7 18.8 1.6 46.6 0 kg ha
-1 73 kg ha-1 
          
 NF Fixer N 4 7.5 -4.4 20.9 0 kg ha-1 85 kg ha-1 
  Non-fixer N 22 35.0 23.2 47.7 0 kg ha-1 62 kg ha-1 
          
Shading Overall  W 25 18.0 7.5 29.5 0 % 58 % 
          
 Dosage 0-50% N 6 40.6 5.8 88.2 0 % 43 % 
  51-100% N 27 11.9 1.6 22.4 0 % 63 % 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
          
 GM field N 29 12.5 2.3 23.4 0 % 61 % 
  field (pots) N 2 68.3 34.8 135.7 0 % 48 % 
          
 PS C3 N 27 11.2 0.8 22.8 0 % 59 % 
  C4 N 4 52.3 27.1 92.6 0 % 59 % 
          
 LC Annual N 27 11.2 0.7 22.9 0 % 59 % 
  Perennial N 4 52.3 28.0 92.6 0 % 59 % 
          
 PT Crop N 27 11.2 0.8 22.7 0 % 59 % 
  HerbNC N 4 52.3 28.0 92.0 0 % 59 % 
          
 NF Fixer N 2 69.6 19.4 140.8 0 % 46 % 
  Non-fixer N 31 13.9 3.8 25.0 0 % 60 % 
          
Damage Overall  W 29 -6.5 -10.1 -2.6 - - 
          
 Type Pest N 14 -19.5 -30.5 -7.4 - - 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
  Disease N 62 -2.1 -5.5 1.5 - - 
          
 LC Annual N 66 -4.2 -8.8 0.4 - - 
  Perennial N 10 -14.6 -19.2 -10.1 - - 
          
 NF Fixer N 3 -6.3 -11.2 3.0 - - 
  Non-fixer N 73 -5.7 -9.9 -1.5 - - 
          
Intercropping Overall  N 49 15.1 4.9 27.1 - - 
          
 PS C3 + C3 N 21 38.1 18.7 61.1 - - 
  C4 + C3 N 22 2.4 -7.4 14.9 - - 
  C4 + C4 N 2 -20.3 -25.1 -16.7 - - 
  C3 + C4 N 1 4.9 -3.7 14.3 - - 
          
 LC Perennial + Perennial N 10 57.8 29.3 92.2 - - 
  Annual + Annual N 32 8.6 -1.8 20.8 - - 
  Perennial + Annual N 5 -10.7 -19.1 0.7 - - 
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Supplementary Table A.2 (cont.) 
Treatment Category Level W/N1 df2 
% 
Change 
Lower 
95%CI 
Upper 
95%CI 
Mean 
Control 
Mean 
Treatment 
 PT Tree + Crop N 7 72.4 36.0 114.4 - - 
  Tree + HerbNC N 2 21.0 -13.1 47.2 - - 
  Crop + Crop N 29 9.8 -1.6 23.5 - - 
  Crop + HerbNC N 6 -11.8 -18.4 -4.4 - - 
  HerbNC + HerbNC N 1 9.8 1.0 19.4 - - 
          
 NF Non-fixer + Non-fixer N 19 11.1 -6.6 34.2 - - 
  Non-fixer + Fixer N 20 9.7 -2.1 24.1 - - 
  Fixer + Non-fixer N 8 39.4 18.5 64.0 - - 
          
1 Weighted (W) or non-weighted (N) analyses 
2 Degrees of freedom (df) 
*Abbreviations: GM = growth method; PS = photosynthetic type; LC = life cycle; PT = plant type; NF = nitrogen fixation; HerbNC = 
herbaceous non-crop
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Supplementary Figure A.1. Relationship between nitrogen additions (kg ha-1) and percent change 
in εc.  Regression analyses were conducted using PROC REG in SAS (Version 9.2, SAS 
institute, Cary, NC).  The line represents the quadratic relationship y = -7.2+0.38x-0.00054x2. 
The second and third terms were significant (P < 0.0001 and P < 0.05, respectively).  
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Supplementary Table B.2. Independent variable ranges from εc stepwise regression analyses in 
six major food crops. Variables included cultivar or variety year of release (YOR), mean annual 
CO2 concentration ([CO2]) during the measurement period, mean growing season temperature 
(T), available solar radiation during the growing season (St), and water available during the 
growing season from either precipitation or irrigation (H2O). Dashes represent unavailable data. 
 
Species Sub-group YOR 
(year) 
CO2 
(ppm) 
T 
(ºC) 
St 
(MJ m-2) 
H2O 
(mm) 
Z. mays  1950-2010 335-391 7.17-30.4 1370-4199 28-1134 
S. bicolor  1961-2011 335-390 19.0-30.4 2052-3267 178-1134 
O. sativa  1976-2010 346-390 18.2-28.4 985-3451 227-1500 
 New hybrids 1984-2010 373-390 23.1-28.4 985-2280 -- 
 indica 1976-2010 373-390 22.8-28.4 1531-2010 800-1500 
 japonica 1966-2001 346-386 18.2-25.2 1017-3451 543-1500 
 Basmati 1996-2000 377 25.4-28.4 2958-3102 227-520 
T. aestivum  1912-2010 339-390 2.22-22.5 1140-3051 146-748 
 Spring 1912-2010 339-390 8.58-21.2 1188-3026 180-681 
 Winter 1922-2009 339-390 2.22-22.5 1140-3051 146-748 
A. hypogaea  1933-2002 335-380 5.80-27.7 1200-3971 360-932 
G. max  1927-2009 318-396 13.8-28.8 1664-3024 191-1340 
